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Elliptical Galaxies (cont.)



Formation of ellipticals in galaxy simulations

https://www.youtube.com/watch?v=rBC3FZIUIrw

https://www.youtube.com/watch?v=rBC3FZIUIrw


Scaling relations of ellipticals

Kinematics of elliptical galaxies
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Rotation of Ellipticals

(v/�)⇤ ⇡ 1 for rotationally flattened system

more luminous, less rotation
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Rotation of Ellipticals

Low luminosity Ellipticals and bulges rotate 
rapidly and have nearly isotropic velocity 
dispersions and are flattened by rotation  
!
Bright Ellipticals rotate slowly and are pressure 
supported and owe their shapes to velocity 
anisotropy.

This could be explained by proto-ellipticals 
acquiring angular momentum through tidal 
torques and then if mergers produce brighter 
ellipticals the rotation gets scrambled in the 
process.

Solid lines: amount of rotation necessary to account for 
observed ellipticity of galaxy relative to σ of stars.

Ratio of rotation to dispersion plotted against projected ellipticity, for various galaxies. 
Note that many Ellipticals have very little rotation, even though they are quite flattened.

Most Ellipticals rotate too slowly for centrifugal 
forces to be the causes of their observed 
flattening.
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Because the relaxation times of elliptical galaxies are much longer than a Hubble time, these 
galaxies “remember” their formation.	

Scaling relations tell us something about the formation process(es)	

We’ll start with scaling relations between structural parameters, like luminosity, velocity 
dispersion, and surface brightness...

Scaling relations of elliptical galaxies
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One of the earliest known structural 
scaling relations was the Faber-Jackson 
relation:
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Scaling relations of elliptical galaxies

strong correlation between luminosity 
(L) and central velocity dispersion (σ)

A natural consequence of the virial theorem.

Plenty of scatter, and the slope of the relation 
is different than the virial theorem.	
!
This was assumed to indicate a missing 
parameter…   and there was originally a lot of 
debate about what was the missing parameter.. 

Faber & Jackson 1976 ApJ, 204, 668
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Ellipticals: Fundamental Plane

Size LuminosityVelocity 
Dispersion

R / �1.24hIi�0.82
e

A break through in understanding of scaling laws came from 
large homogeneous data sets (from CCDs & long-slit 
spectroscopy), and the application of statistical tools.
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Multi-parameter correlations: the 
Fundamental Plane

plane - means correlation in a 3D space and we see this space 
with three parameters that “see” the correlation from different 
angles.
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Projections of Fundamental Plane of Ellipticals & Bulges
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Radius derived from 
surface brightness 
profiles, e.g., core or 
effective radius.

Tilt to plane leads to 
scatter.

physical meaning of these measurements links to 
formation theory!

position of galaxy in this 
diagram relates to amount of 
dissipation during its 
formation.
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The fundamental plane for ellipticals

One of the earliest known structural 
scaling relations was the Faber-Jackson 
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Where does the Fundamental Plane of elliptical galaxies come from?

The Fundamental Plane

M = V 2R/GAssume the Virial Theorem holds, then the mass is 

I = �

�
M

L

��1

The surface brightness is this divided by the mass-to-light ratio:

� =
M

⇥R2
� V 2

R
Divide this by the area to get the mass surface density:

combining this: I � V 2

R(M/L)
Rewrite this in terms of the radius Re=R and identifying 
the velocity V as the velocity dispersion σ, we have

Re �
�

M

L

��1

�2�I��1
e

But note the observed coefficients aren't 2 & -1 (they range from 1 to1.4 and from -0.75 to -0.9)            
	 	 	 	 	 	 	 	 	 	 and so this implies

M

L
� L1/4

R / �1.24hIi�0.82
e

observed relation:

Virial Theorem: for a stable, 
self-gravitating, spherical 
distribution, the total kinetic 
energy is equal to minus 1/2 
times the total gravitational 
potential energy.

The more luminous Ellipticals  have higher M/L

Ie =
L

2⇡R2
e
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The mass-to-light ratios of ellipticals increases as they become more luminous (or more 
massive)	

...if (and only if) the structure of ellipticals doesn’t change as a function of luminosity (or 
mass)	

Why is this?	

Possibility 1: more dark matter in more massive galaxies 	

Possibility 2: bigger galaxies are older	

Possibility 3: structure changes with size

The Fundamental Plane
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Stellar populations of elliptical galaxies

The spectra of elliptical galaxies look, to 
first order, like G or K stars (with a few 
features of M stars)	

This implies that they must be, on 
average, older than a few Gyr in order 
not to have light from hot stars

39

 Some Elliptical galaxies contain HI, but nearly all contain a significant amount of hot X-ray gas	

~10–20% of the baryonic mass is in the form of gas at 106–7 K in a halo ≥30 kpc in radius

Gas in elliptical galaxies

40

Likely because larger galaxies are older
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The black-hole mass/bulge-velocity relation

Dark matter in elliptical galaxies

X-rays — hydrostatic equilibrium of hot gas gives a 
mass if the temperature and density structure are 
known: M/L~100 M⊙/L⊙ for r~100 kpc

Careful modeling of kinematical data 
shows that many ellipticals have flat 
rotation curves
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DYNAMICS OF GIANT ELLIPTICAL GALAXIES 1937

proÐles begin to rise at around and are consistent0.5È2R
ewith X-ray and other data where available, although from

the kinematic data alone constant M/L models can only be
ruled out at 95% conÐdence in a few galaxies.

This sample provides a new and much improved basis for
investigating the dynamical family properties of elliptical
galaxies, which is the subject of the present study. In ° 2, we
analyze the unexpectedly uniform dynamical structure of
these elliptical galaxies. In ° 3, we investigate the depen-
dence on luminosity, discussing the Faber-Jackson, Tully-
Fisher, and fundamental plane relations. In ° 4, we relate the
dynamical mass-to-light ratios to the stellar population
properties. In ° 5 we discuss the structure of the dark halos
of these ellipticals. Our conclusions are summarized in ° 6.

2. DYNAMICAL STRUCTURE

The elliptical galaxies analyzed by K]2000 divide in two
subsamples, one with new extended kinematic data, reach-
ing typically to (““ EK sample,ÏÏ the data are fromD2R

eKronawitter et al. and from several other sources referenced
there), and one with older and less extended kinematic mea-
surements (““ BSG sample ÏÏ ; this is a subsample from
Bender, Saglia & Gerhard 1994). Based on these data and
mostly published photometry, K]2000 constructed non-
parametric spherical models from which circular velocity
curves, radial proÐles of mass-to-light ratio, and anisotropy
proÐles for these galaxies were derived, including conÐdence
ranges.

The galaxies were selected to rotate slowly if at all and to
be as round as possible on the sky. They are luminous
elliptical galaxies The expected mean(M

B
^ [21 ^ 2).1

intrinsic short-to-long axis ratio for such a sample of lumi-
nous ellipticals is Sc/aT \ 0.79. The mean systematic e†ects
arising from the use of spherical models and the possible
presence of small embedded face-on disks are small for the
sample as a whole, but may be non-negligible in individual
cases (see K]2000, ° 5.1).

2.1. Circular Velocity Curves
Circular velocity curves (CVCs) for all galaxies in the

sample are shown in Figure 1, in three bins roughly ordered
by luminosity. CVCs normalized by the respective
maximum circular velocity are shown in Figure 2 separately
for the two subsamples. The plotted curves correspond to
the ““ best ÏÏ models of K]2000, which are taken from the
central region of their 95% conÐdence interval for each
galaxy, respectively. Based on dynamical models near the
boundaries of the conÐdence interval, the typical uncer-
tainty in the outermost circular velocity is ^10%È15%.
The expected mean systematic error from Ñattening along
the line of sight is smaller ; cf. ° 5.1 of K]2000.

The most striking result from these diagrams is that at
the ^10% level all CVCs are Ñat outside ThisR/R

e
^ 0.2.

result is most signiÐcant for the galaxies with the extended
data, while for many galaxies from the BSG sample the
radial extent of the data is insufficient to show clear trends.
However, in cases where X-ray data are available (NGC
4472, 4486, 4636) the mass proÐles of the ““ best ÏÏ models
approximately match those from the X-ray analysis even for
those galaxies (see K]2000).

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Throughout this paper we use a Hubble constant km s~1H0 \ 65

Mpc~1 unless explicitly noted otherwise.

FIG. 1.ÈThe ““ best model ÏÏ circular velocity curves of all galaxies from
the K]2000 sample plotted as a function of radius scaled by the e†ective
radius The panels are roughly ordered by luminosity.R

e
.

This result is illustrated further by Figure 3, which shows
the derived ratio for all galaxies of the EK-v

c
(Rmax)/vc

max
sample. Here is the circular velocity at the radius ofv

c
(Rmax)the last kinematic data point, and is the maximumv

c
max

circular velocity in the respective ““ best ÏÏ model. For NGC
315 was used instead of The error barsv

c
(0.6R

e
) v

c
max.

plotted correspond to the 95% conÐdence range for
compared to which the uncertainty in can bev

c
(Rmax), v

c
max

FIG. 2.ÈSame circular velocity curves, normalized by the maximum
circular velocity. The upper panel now shows the galaxies from the EK
subsample of K]2000, the lower panel those from the BSG subsample.
The extended curve in the lower panel is for the compact elliptical NGC
4486B.
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If a super-massive black hole (SMBH) 
lives at the centre of a galaxy, we should 
be able to detect this by looking at the 
speeds of stars that pass near to the 
black hole	

So we need to find stars that have 
speeds of

Black holes in elliptical galaxies
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This means we need to look within a 
radius

rBH � 45 pc
�
MBH

108 M�

� � �c

100 km s�1

��2

In M32, 2x106 M⊙ are required inside the central parsec!
Verolme et al. 2002
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It is likely that every elliptical galaxy — 
even every spheroidal system, including 
bulges — has a super massive black hole 
(SMBH)	

Moreover, there is a reasonable 
correlation between the mass of the 
SMBH and the velocity dispersion of the 
spheroid:

204 GÜLTEKIN ET AL. Vol. 698

Figure 1. M–σ relation for galaxies with dynamical measurements. The symbol indicates the method of BH mass measurement: stellar dynamical (pentagrams), gas
dynamical (circles), masers (asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the 3σ68 limit is not available, we plot it at three times the 1σ68 or at 1.5 times
the 2σ68 limits. For clarity, we only plot error boxes for upper limits that are close to or below the best-fit relation. The color of the error ellipse indicates the Hubble
type of the host galaxy: elliptical (red), S0 (green), and spiral (blue). The saturation of the colors in the error ellipses or boxes is inversely proportional to the area of
the ellipse or box. Squares are galaxies that we do not include in our fit. The line is the best fit relation to the full sample: MBH = 108.12 M⊙(σ/200 km s−1)4.24. The
mass uncertainty for NGC 4258 has been plotted much larger than its actual value so that it will show on this plot. For clarity, we omit labels of some galaxies in
crowded regions.

relation from sample S. The distribution of the residuals appears
consistent with a normal or Gaussian distribution in logarithmic
mass, although the distribution is noisy because of the small
numbers. For a more direct test of normality we look at log(MBH)
in galaxies with σe between 165 and 235 km s−1, corresponding
to a range in log(σe/200 km s−1) from approximately −0.075
to 0.075. The predicted masses for the 19 galaxies in this
narrow range differ by at most a factor of 4.3, given our
best-fit relation. The power of having a large number of
galaxies in a narrow range in velocity dispersion is evident
here, as there is no need to assume a value for the slope of

M–σ or even that a power-law form is the right model. The
only assumption required is that the ridge line of any M–σ
relation that may exist does not change substantially across
the range of velocity dispersion. The mean of the logarithmic
mass in solar units is 8.16, and the standard deviation is
0.45. The expected standard deviation in mass is 0.19, based
on the rms dispersion of log(σe/200 km s−1) (0.046) in this
range times the M–σ slope β; thus the variation in the ridge line
of the M–σ relation in this sample is negligible compared to
the intrinsic scatter. We perform an Anderson–Darling test for
normality with unknown center and variance on this sample of

log(MBH/M�) = 4.24 log(�/200 km s�1) + 8.12

Black holes in elliptical galaxies
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MBH

Mbulge
= 2.2+1.6

�0.9 � 10�3

No. 1, 2003 MARCONI & HUNT L23

Fig. 1.—Left: vs. for the galaxies of group 1. The solid lines are obtained with the bisector linear regression algorithm of Akritas & Bershady (1996),M LBH K, bul
while the dashed lines are ordinary least-squares fits. Middle: vs. with the same notation as in the previous panel. Right: Residuals of vs. , inM M M -j RBH bul BH e e

which we use the regression of T02.M -jBH e

TABLE 2
Fit Results ( )log M p a! bXBH

X

Group 1 Galaxies All Galaxies

a b rms a b rms

. . . . . .log L " 10.0B, bul 8.18! 0.08 1.19! 0.12 0.32 8.07! 0.09 1.26! 0.13 0.48

. . . . . .log L " 10.7J, bul 8.26! 0.07 1.14! 0.12 0.33 8.10! 0.10 1.24! 0.15 0.53

. . . . . .log L " 10.8H, bul 8.19! 0.07 1.16! 0.12 0.33 8.04! 0.10 1.25! 0.15 0.52

. . . . . .log L " 10.9K, bul 8.21! 0.07 1.13! 0.12 0.31 8.08! 0.10 1.21! 0.13 0.51
. . . . . . .logM " 10.9bul 8.28! 0.06 0.96! 0.07 0.25 8.12! 0.09 1.06! 0.10 0.49

2MASS images are photometrically calibrated with a typical
accuracy of a few percent. More details can be found in L. K.
Hunt & A. Marconi (2003, in preparation, hereafter Paper II).
We performed a two-dimensional bulge/disk decomposition

of the images using the program GALFIT (Peng et al. 2002),
which is made publicly available by the authors. This code
allows the fitting of several components with different func-
tional shapes (e.g., generalized exponential [Sersic] and simple
exponential laws); the best-fit parameters are determined by
minimizing . More details on GALFIT can be found in Peng2x
et al. (2002). We fitted separately the J, H, and K images. Each
fit was started by fitting a single Sersic component and constant
background. When necessary (e.g., for spiral galaxies), an ad-
ditional component (usually an exponential disk) was added.
In many cases, these initial fits left large residuals, and we thus
increased the number of components (see also Peng et al. 2002).
The fits are described in detail in Paper II. In Table 1, we
present the J, H, and K bulge magnitudes, effective bulge radii
in the J band, and their uncertainties. The J, H, and KRe

magnitudes were corrected for Galactic extinction using the
data of Schlegel, Finkbeiner, & Davis (1998). We used the J
band to determine because the images tend to be flatter, andRe
thus the background is better determined.

4. RESULTS AND DISCUSSION

In Figure 1, we plot, from left to right, versus ,M LBH K, bul
versus , and the residuals of versus (basedM M M -j RBH bul BH e e

on the fit from T02). Only group 1 galaxies are shown. Mbul
is the virial bulge mass given by ; if bulges behave as2kR j /Ge e

isothermal spheres, . However, comparing our virialk p 8/3
estimates of with those of , obtained from dynamicalM Mbul dyn
modeling (Magorrian et al. 1998; Gebhardt et al. 2003), shows
that and are well correlated ( ); settingM M r p 0.88bul dyn

(rather than 8/3) gives an average ratio of unity. There-k p 3
fore, we have used in the above formula. Consideringk p 3
the uncertainties of both mass estimates, the scatter of the ratio

is 0.21 dex. We fitted the data with the bisector linearM /Mbul dyn
regression from Akritas & Bershady (1996) that allows for
uncertainties on both variables and intrinsic dispersion. The
FITEXY routine (Press et al. 1992) used by T02 gives con-
sistent results (see Fig. 1). Fit results of versus the galaxyMBH
properties for group 1 and the combined samples are sum-
marized in Table 2. The intrinsic dispersion of the residuals
(rms) has been estimated with a maximum likelihood method
assuming normally distributed values. Inspection of Figure 1
and Table 2 shows that and correlate well with theL MK, bul bul
BH mass. The correlation between and is equivalentM MBH bul
to that between the radius of the BH sphere of influence RBH
(p ) and .2GM /j RBH e e

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of for different wave bands,M -LBH bul
we have also analyzed the B-band bulge luminosities for our
sample. The upper limit of the intrinsic dispersion of the

correlations goes from ∼0.5 dex in whenM -L logMBH bul BH
considering all galaxies to ∼0.3 dex when considering only
those of group 1. Hence, for galaxies with reliable andMBH

, the scatter of correlations is ∼0.3 dex, indepen-L M -Lbul BH bul
dently of the spectral band used (B or JHK), comparable to
that of . This scatter would be smaller if the measurementM -jBH e

errors are underestimated. McLure & Dunlop (2002) and Erwin
et al. (2003) reached a similar conclusion using R-band ,L bul
but on smaller samples. The correlation between the R-band
bulge light concentration and has a comparable scatterMBH
(Graham et al. 2001).
Since and have comparable disper-M -L M -LBH B, bul BH NIR, bul

Black holes in elliptical galaxies

In other words, the black hole at the center of 
a galaxy is ≈0.2% of the mass of its bulge!

Because                     	

this implies a MBH–Mbulge relation

Mbulge � �2r
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Formation of Spiral Galaxies

See e.g. chapter 10 in Cimatti et al. book



The formation of a disk galaxy   

•  Gas cools in halos / filamentary structure is visible also in gas 

•  At high-z: starbursts/SNe drive gas out of proto-galactic mini-haloes.  

•  z ~ 3: Disk(s) start to appear 

•  The disk is harassed by many accretion events, until about z ~ 1.4 
(these events contribute cold gas and stars)  

• After that disk settles and grows more quiescently with an ocassional accretion event 

• It is at centre of a “cooling halo” which feeds the galaxy with new gas  



Disc Formation

Discs are ‘rotation-supported’  (while ellipticals are ‘pressure-supported’)

Main assumption: baryons experience same gravitational field and specific torques (per 
unit of mass) as dark-matter haloes

Size of the formed disc is roughly proportional to its specific angular momentum



Dissipative collapse - angular momentum problem

Dark matter collapses preserving total energy

Instead, collapsing gas dissipates energy through radiation, but still preserves angular 
momentum -> a disc is formed

Efficient gas cooling leads to a centripetally supported disc, which rotates at characteristic 
circular speed vc

The disc size R = j0/vc is determined by the original specific angular momentum j0

Until ten years ago, galaxy formation models struggled to reproduce the observed sizes pf 
galaxy discs (they were too small in comparison with reality) 

global angular momentum problem

Lack of resolution made simulations to contain large gas clouds that transferred too much 
angular momentum to their host haloes because of dynamical friction



Why do discs have exponential light profiles?

Exponential light profiles are common in discs - independent of mass

Exponential profiles are followed by both molecular and atomic gas

Galaxy models can explain the exponential profiles through a combination of 
efficient SF and feedback that removes low angular-momentum material from 
the galaxy centre, with inefficient SF in the outskirts.

Alternatively, exponential profiles can be explained through radial stellar 
migrations facilitated by the spiral arms



Formation of spiral arms

Spiral structure in disc galaxies
There are three main types of spiral arms

"Grand Design", two well 
defined spiral arms Multiple-arm spiral arms

Flocculent spirals - no well defined 
arms "ratty" structure

10%
60%

30%

Spiral structure in disc galaxies

Spiral structure occurs in all bands, but 
is much smoother and less pronounced 
in redder bands

Figure 8: M83 in blue light at the left and in the K-band on the right. The bar is much more
obvious in the near-IR. (Unpublished images by Park & Freeman).

where the disk is assumed exponential with scalelength h and total mass Mdisk. Since the
rotation velocity Vrot is related to the total mass, it is a criterion that relates to the relative
mass in disk and halo. It can be rewritten to say that within the radial distance from the
center corresponding to the edge of the disk, the dark matter halo contains up to 60–70% of the
total mass (van der Kruit & Freeman, 1986). Such galaxies are in fact sub-maximal. Sellwood
(2010a) concludes that these criteria are only necessary for disks that have no dense centers,
since central concentrations of mass in disks themselves could also provide global stability. It was
shown already some decades ago (Kalnajs, 1987) that halos are not very e⇥cient in stabilising
disks acompared to budges.

We will not discuss the formation of bars in galaxies, as this subject has been covered in
detail by Kormendy & Kennicutt (2004) in relation to pseudo-bulges, and by Sellwood (2010a).
We do want to stress the fundamental point that the incidence of bars is much larger than
traditionally thought; a typical fraction that figured in previous decades –although admittedly
for strongly barred galaxies as in Sandage (1961)– was of the order of a quarter to a third.
Current estimates are much higher; Sheth et al. (2008) found in the COSMOS field that in
the local Universe about 65% of luminous spiral galaxies are barred. This fraction is a strong
function of redshift, dropping to 20% at a redshift of 0.8. The Spitzer Survey of Stellar Structure
in Galaxies S4G (Sheth et al., 2010) aims among others at studying this in the near IR. As an
example, we show in fig. 8 a blue and near-IR image of the large spiral M83. Although it appears
mildly barred in the optical, it is clear that in K-band the bar is very prominent and extended.

Throughout the previous century much attention has been paid to the matter of the formation
and maintenance of spiral structure. It was extensively reviewed by Toomre (1977, 1981). Spiral
structure in itself is unquestionably an important issue (see the quote to Richard Feynman
in the introduction in Toomre’s review), as it is so obvious in galaxy disks and appears to
play a determining role in the evolution of disks through the regulation of star formation and
therefore the dynamical, photometric and chemical evolution. We will not discuss theories
of spiral structure itself as progress in this area has recently been somewhat slow. We refer
the reader to the contributions of Kormendy & Norman (1979), Sellwood & Carlberg (1984),
Elmegreen, Elmegreen & Leitner (2003) and Sellwood (2008, 2010a,b). Spiral structure is often
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Spiral structure and patterns
Shapes of spiral galaxies are approximately invariant under a rotation 
around their centres. 

A galaxy that looks identical after rotation of 2�/m has m-fold symmetry.

A galaxy with an m-fold symmetry has m-spiral arms. 
Most spirals have 2 arms, hence they have a twofold symmetry

Spiral patterns are classified 
according to orientation 
compared to rotation 
direction 

@trailing
@leading

The shapes of spiral galaxies are typically 
invariant under rotation about their centers	

A galaxy that looks identical after a rotation of 
2π/m has m-fold symmetry and has m spiral 
arms	

Spirals are further classified by whether the 
arms are leading or trailing the rotation 
direction most spiral arms 

are trailing

Spiral structure in disc galaxies
Why doesn't this happen?

Density Waves
It seems likely that spiral arms are created by a density perturbation that moves along at a speed 
different from the objects around it. The density wave resists the spiral's tendency to wind up and 
causes a rigidly rotating spiral pattern. Like slow moving traffic on the highway.

Pattern Speed - fixed angular speed of density wave rotating through galaxy.

There is an initial “seed” perturbation in the spiral disc. These come from 
either initial asymmetries in the disk and/or halo (galaxy formation 
processes), or induced via galaxy encounters. 

Thus there are regions of slightly higher density than their surroundings. 
The higher density accelerates matter into the wave. 

Density waves move through galaxy compressing 
matter as it passes and setting off star formation



Density waves
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Spiral structure in disc galaxies
Why doesn't this happen?

Density Waves
It seems likely that spiral arms are created by a density perturbation that moves along at a speed 
different from the objects around it. The density wave resists the spiral's tendency to wind up and 
causes a rigidly rotating spiral pattern. Like slow moving traffic on the highway.

Pattern Speed - fixed angular speed of density wave rotating through galaxy.

There is an initial “seed” perturbation in the spiral disc. These come from 
either initial asymmetries in the disk and/or halo (galaxy formation 
processes), or induced via galaxy encounters. 

Thus there are regions of slightly higher density than their surroundings. 
The higher density accelerates matter into the wave. 

Density waves move through galaxy compressing 
matter as it passes and setting off star formation

Density Waves Self-propagating star formation
density wave theory can't explain flocculant spirals, but these can be explained by 
self-propagating star-formation.

star formation produces supernovae, which shock the gas, and triggers more star 
formation, and then differential rotation stretches out the regions of star formation 
into trailing fragmentary arms with no global symmetry.

HI Rotation curves of disc galaxies

Contours of constant V(R)cosϕ

In central regions, contours are parallel to 
the minor axis	

Further out, they are nearly radial	

The kinematic major axis is the line 
connecting the points where the radial 
velocities deviate the most from the 
systemic velocity	

The denser the contours, the more rapid 
the change in V(R)

HI Rotation curves of disc galaxies



Bars in Spiral Galaxies

Carles et al. (2016)

Bars facilitate inflows of gas 
toward the galactic centre 

and often produce 
starbursts (especially in 
most massive galaxies)



Formation of bars and pseudo-bulges

Bar formation is relatively easy and takes only a few Gyr

Still, only ~ 60% of spirals contain bars at z=0 and fraction is lower at higher z

Massive dark matter haloes and high gas fractions in the disc tend to suppress bar 
formation

Bars are the product of global disc instabilities -
due to internal processes (like in formation of arms) or external processes (galaxy encounters)

Bars are prone to buckling instability: when the thin disc suffers distortions out of the 
plane, bars tend to be destroyed and a pseudo-bulge is formed



Formation of galaxy stellar haloes

Stellar haloes are diffuse, low-density stellar 
components in the outskirts of spiral and ellipticals

Stellar haloes are composed of diffuse stars, globular 
clusters and stellar streams

Stars are typically old - likely formed before the host galaxy

Satellite accretion likely a main process to form stellar halo

Shape of stellar streams resembles tidal streams produced 
in galaxy interactions



Scaling relations in late-type galaxies

Link between the stellar mass (luminosity) of a disc and the mass of the Dark Matter halo.

amplitude of flat part 
of HI rotation curve

More scatter in B due to stellar population effects

Verheijen 2001

The Tully-Fisher Relation

The exponent changes with bandpass

L � V 4
max

A relationship exists between the luminosity of a spiral galaxy and its maximum rotation velocity.

Tully & Fisher 1977

More luminous galaxies rotate faster

The Tully-Fisher Relation

How does this come about?
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Formation of disks in galaxy simulations

https://www.youtube.com/watch?v=O674AZ_UKZk

https://www.youtube.com/watch?v=O674AZ_UKZk


Galaxy mergers

https://www.esa.int/ESA_Multimedia/Images/2021/01/Hubble_showcases_6_galaxy_mergers

Credit: ESA/Hubble & NASA, A. Adamo et al.

https://www.esa.int/ESA_Multimedia/Images/2021/01/Hubble_showcases_6_galaxy_mergers


Galaxy mergers (more examples)

Credit: ESA/Hubble & NASA, C. Conselice et al.



Galaxy mergers in the very early Universe

Credit: NASA/ESA/CSA/Dan Coe (STScI)/Rebecca Larson (UT Austin)/Yu-Yang Hsiao (JHU)

z~11


