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Evolution of galaxies: fast vs slow 
(secular) processes (credits to Kormendy 2011 IAC WS)

4 John Kormendy

galaxies. I particular emphasize the properties of spheroidals – that is, tiny
dwarfs such as Fornax, Draco and UMi and larger systems such as NGC 147,
NGC 185 and NGC 205. These are, in essence, bulgeless S0 galaxies. And
I review the various transformation processes that may make these objects.

Finally, I tie together our picture of galaxy formation by hierarchical
clustering and galaxy merging (lectures by Isaac Shlosman, Nick Scoville and
Daniela Calzetti) and the secular evolution that is the theme of this School.

1.1.2 Fast versus slow processes of galaxy evolution

Kormendy & Kennicutt (2004) emphasize that the Universe is in transition
from early times when galaxy evolution was dominated by fast processes –
hierarchical clustering and galaxy merging – to a future when merging will
largely be over and evolution will be dominated by slow processes (Fig. 1.1).

Fig. 1.1. Processes of galaxy evolution updated from Kormendy (1982b) and from
Kormendy & Kennicutt (2004). Processes are divided vertically into fast (top)
and slow (bottom). Fast evolution happens on a free-fall (“dynamical”) timescale,
tdyn ∼ (Gρ)−1/2, where ρ is the density of the object produced and G is the
gravitational constant. Slow means many galaxy rotation periods. Processes are
divided horizontally into ones that happen internally in one galaxy (left) and ones
that are driven by environmental effects (right). The processes at center are aspects
of all types of galaxy evolution. My lectures are about slow processes, both internal
(Sections 1.2 – 1.6) and environmentally driven (Section 1.7).

Tim
e→

 

Most relevant 
at early times

Most relevant 
at late times
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Secular evolution of self-gravitating systemsSecular Evolution in Disk Galaxies 9

Fig. 1.2. Powerpoint slide that emphasizes the underlying similarity in evolutionary
processes that shape various kinds of self-gravitating systems. The secular evolution
of galaxy disks (top row) is the subject of my lectures.

Stars are spherical systems supported by pressure. They spread in three
dimensions by outward energy transport. The mechanisms are radiation or
convection mediated by opacity. Punctuated by phases of stability when
nuclear reactions replace the energy that is lost, stellar evolution consists
of a series of core contractions and envelope expansions. One result is red
(super)giants containing cores that will become white dwarfs, neutron stars,
or stellar mass black holes.

Protoplanetary disks are supported by rotation; they spread in two
dimensions by outward angular momentum transport. The tendency toward
energy equipartition between low-mass and high-mass objects has the
consequence that big planets sink by flinging smaller planets outward. If
the evolution results from the interaction of a big planet with a collective
phenomenon such as a spiral density wave in gas or rubble, then the effect
is the same. The results are hot Jupiters and colder Neptunes or rubble.

Protostars are spherical systems coupled to circumstellar disks by
magnetic fields that wind up because of differential rotation. This drives
jets that look one-dimensional but that really are three-dimensional; they
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Secular processes in galaxies

✤ In systems supported by random motion
✤ evolution by “heat” transport
✤ virial theorem:
✤ Temperature:
✤ Negative specific heat
✤ If the center gets hotter, then heat flows outwards and makes the 

periphery cooler, through expansion. This reinforces the 
temperature gradient and promotes further the heat flow.

✤ Timescale is the key: in ellipticals it’s too long to be effective. 
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Secular processes in galaxies
✤ In systems supported by rotation

✤ evolution by angular momentum transport
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Secular processes in (disk) galaxies

✤ Which galaxies?
✤ angular momentum redistribution and therefore radial mass transport happens mostly 

to gas. The need for gas disfavors early-type galaxies and favors late-type galaxies.
✤ Secular evolution in galaxy disks is, in the current Universe, happening mostly in 

intermediate-late-type (e.g., Sbc) galaxies. These are the galaxies in which pseudobulges 
turn out to be most prominent.

✤ Secular evolution is too slow to be important in the latest-type galaxies, because the mass 
distribution is too “fluffy”, and so it is not energetically favorable to transport angular 
momentum outward. 

✤ Secular processes no longer transport much gas in S0 and Sa galaxies, because they no 
longer contain much gas. Nevertheless, 

✤ purely stellar secular processes are expected to happen in these galaxies
✤ secular evolution is believed to have been important in the past, because many S0 

galaxies are observed to contain disky pseudobulges.
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The engines of 
secular evolution: 
I. oval disks

✤ Introduce global non-
axisymmetry

✤ axial ratio ~0.85

✤ as effective as bars

Secular Evolution in Disk Galaxies 19

Fig. 1.8. Criteria for recognizing unbarred oval galaxies shown schematically (top)
and with observations of NGC 4736 and NGC 4151 (adapted from Fig. 9 in
Kormendy & Kennicutt 2004). The image of NGC 4736 is from my IIIa-J plate
taken with the 1.9 m Palomar Schmidt telescope. The image of NGC 4151 is from
http://www.wikisky.org. The H i velocity contours of NGC 4736 and NGC 4151
are from Bosma et al. (1977a) and from Bosma et al. (1977b), respectively.
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The engines of 
secular 
evolution: 
II. spirals 
III. bars

✤ recall all discussion 
about the m=2 
breaking of 
axisymmetry from 
previous lecture...

✤ why m=2 is the 
most common 
mode

Secular Evolution in Disk Galaxies 25

Fig. 1.10. Schematic illustration of galactic orbits as seen in a frame of reference
that rotates clockwise (orange arrow) at the pattern angular velocity Ωp of some
coherent structure such as a spiral arm (red). The pattern stays fixed as we view it,
whereas stars drift with respect to the pattern forward (clockwise) inside corotation
and backward (counterclockwise) outside corotation. At the corotation resonance
(green: Ωp = Ω), a star with a small component of random velocity added to
Ω executes simple harmonic motion counterclockwise around a closed ellipse (the
“epicyclic approximation”). At the inner Lindblad resonance (blue: Ωp = Ω− κ/2,
where κ is the epicyclic frequency), the stellar orbit is closed and the star executes
two radial excursions for every revolution forward around the center. At the outer
Lindblad resonance (red: Ωp = Ω+κ/2), the orbit is closed and the star executes two
radial excursions for every revolution backward around the center in the rotating
frame. At other radii, several of which are shown, the stellar orbits are unclosed.
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Galaxy encounters and mergers 
from the dynamical point of view
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Galaxy encounters

✤ Galaxies don’t follow the 
trajectories they would follow if 
they were point masses!

✤ In case of pure N-body total 
energy is conserved, BUT 
kinetic energy of the two 
galaxies is redistributed as 
internal energy (as if galaxies 
were viscous fluids!)

✤ Merger happens only if 
encounter is “slow” enough
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A “major” merger (MW-M31)
Introduction 641

Figure 8.1 An N-body simulation of the collision between the Galaxy (bottom) and M31
(top) which is expected to occur roughly 3Gyr from now. The simulation follows only
the evolution of the stars in the two galaxies, not the gas. Each galaxy is represented by
roughly 108 stars and dark-matter particles. The viewpoint is from the north Galactic
pole. Each panel is 180 kpc across and the interval between frames is 180 Myr. After
the initial collision, a open spiral pattern is excited in both disks and long tidal tails are
formed. The galaxies move apart by more than 100 kpc and then fall back together for
a second collision, quickly forming a remnant surrounded by a complex pattern of shells.
The shells then gradually phase mix, eventually leaving a smooth elliptical galaxy. Image
provided by J. Dubinski (Dubinski, Mihos, & Hernquist 1996; Dubinski & Farah 2006).

of their stars; in fact, when v∞ is large, |∆v| ∝ 1/v∞. Thus, when v∞
exceeds some critical speed vf , the galaxies complete their interaction with
sufficient orbital energy to make good their escape to infinity. If v∞ < vf ,
the galaxies merge, while if v∞ ≫ vf the encounter alters both the orbits and
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Criteria for merging

✤ Eorb and L normalized by total 
mass

✤ rh median radius; <v2> internal 
velocity dispersion

✤ For head-on encounters there is 
a maximum energy (i.e. 
maximum velocity) that allows 
the merger
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The outcome of a merger depends on:

✤ The mass ratio M1/M2 of progenitors (e.g., major vs minor 
mergers) 

✤ The gas content of progenitors
✤ The structure (e.g. bulge to disk ratio)
✤ The orbital geometry of the encounter

✤ prograde (orbital and spin angular momentum are 
parallel)

✤ retrograde (orbital and spin angular momentum are anti-
parallel)

✤ Orbital parameters 
(e.g., eccentricity of orbits, radial vs non-radial orbits)
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Mergers of spinning galaxies: 
the retrograde case

✤ Long time for merger

✤ Interaction with stars is 
impulsive and does not 
produce dramatic effects 
as in the prograde case...
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Mergers of spinning galaxies: 
the prograde case

✤ Lead to faster merger

✤ Effect on individual stars is 
much less impulsive, 
interaction lasts longer
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Key mechanisms at work in galaxy 
encounters

✤ Dynamical friction

✤ Tides

✤ Violent relaxation (in the final phases of a merger): 
motion in a time variable potential

✤ Phase mixing (in the final phases of a merger)
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Dynamical friction

✤ Ideal case: mass M moving in a 
sea of particles m with a 
velocity dispersion σ

✤ At small vM the motion is like in 
a viscous fluid

✤ If vM is very large, M just goes 
through ballistically

8.1 Dynamical friction 645

Figure 8.2 A mass M travels from left to right at speed vM , through a homogeneous
Maxwellian distribution of stars with one-dimensional dispersion σ. Deflection of the stars
by the mass enhances the stellar density downstream, and the gravitational attraction of
this wake on M leads to dynamical friction. The contours show lines of equal stellar
density in a plane containing the mass M and the velocity vector vM ; the velocities are
vM = σ (left panel) and vM = 3σ (right panel). The fractional overdensities shown are
0.1, 0.2, . . . , 0.9, 1. The unit of length is chosen so that GM/σ2 = 1. The shaded circle has
unit radius and is centered at M . The overdensities are computed using equation (8.148),
which is based on linear response theory; for a nonlinear treatment see Mulder (1983).

Thus the frictional force falls like vM
−2—in contrast to the motion of solid

bodies through fluids, where the drag force grows as the velocity increases.
If f(va) is Maxwellian with dispersion σ, then equation (8.3) becomes

(cf. eqs. 7.91–7.93)

dvM

dt
= −

4πG2Mnm ln Λ

v3
M

[
erf(X) −

2X√
π

e−X2

]
vM , (8.6)

where X ≡ vM/(
√

2σ) and erf is the error function (Appendix C.3). This
important formula illustrates two features of dynamical friction:
(i) The frictional drag is proportional to the mass density nm of the stars

being scattered, but independent of the mass of each individual star. In
particular, if we replace nm in equation (8.6) by the overall background
density ρ, we obtain a formula that is equally valid for a host system
containing a spectrum of different stellar masses:

dvM

dt
= −

4πG2Mρ ln Λ

v3
M

[
erf(X) −

2X√
π

e−X2

]
vM . (8.7)

(ii) The frictional acceleration is proportional to M and thus the frictional
force must be proportional to M 2. It is instructive to consider why

644 Chapter 8: Collisions and Encounters of Stellar Systems

where

Λ ≈
bmax

b90
≈

bmaxv2
typ

GM
≫ 1 (8.1b)

and b90 is the 90◦ deflection radius defined in equation (3.51). Here we
have used equations (7.83), assuming M ≫ ma and adjusting the notation
appropriately. The field-star df f(x,va) is normalized so

∫
d3va f(x,va) =

n(x), where n is the number density of field stars in the vicinity of the subject
body.

We now estimate the typical value of the factor Λ in the Coulomb
logarithm. When a subject body of mass M orbits in a host system of
mass M ≫ M and radius R, the typical relative velocity is given by
v2
typ ≈ GM/R. To within a factor of order unity, the maximum impact

parameter bmax ≈ R, where R is the orbital radius of the subject body.
Then Λ ≈ (M/M)(R/R), which is large whenever M ≪ M, unless the
subject body is very close to the center of the host.

If the subject body has a non-zero radius, the appropriate value for the
Coulomb logarithm is modified to

ln Λ = ln

(
bmax

max(rh, GM/v2
typ)

)
, (8.2)

where rh is the half-mass radius of the subject system (see Problem 8.2).
If the field stars have an isotropic velocity distribution,3 equation (7.88)

yields a simpler expression for the dynamical friction,

dvM

dt
= −16π2G2Mma ln Λ

[∫ vM

0
dva v2

af(va)

]
vM

v3
M

; (8.3)

thus, only stars moving slower than M contribute to the friction. Like an
ordinary frictional drag, the force described by equation (8.3) always opposes
the motion (dvM/dt is anti-parallel to vM ). Equation (8.3) is usually called
Chandrasekhar’s dynamical friction formula (Chandrasekhar 1943a).

If the subject mass is moving slowly, so vM is sufficiently small, we may
replace f(va) in the integral of equation (8.3) by f(0) to find

dvM

dt
≃ −

16π2

3
G2Mma ln Λf(0)vM (vM small). (8.4)

Thus at low velocity the drag is proportional to vM—just as in Stokes’s law
for the drag on a marble falling through honey. On the other hand, for
sufficiently large vM , the integral in equation (8.3) converges to a definite
limit equal to the number density n divided by 4π:

dvM

dt
= −4πG2Mman ln Λ

vM

v3
M

(vM large). (8.5)

3 See Problem 8.3 for the case of an ellipsoidal velocity distribution.
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Merger (remnants)

The merger remnant NGC 7252. The false color image shows the starlight from the 
remnant (red=bright, blue=faint), while the white contours show where the 
hydrogen gas is distributed. ( John Hibbard, NRAO)

A computer simulation of a galaxy halo made 
up of an ensemble of disrupted satellites. 
Each color shows stars from a single disrupted 
satellite galaxy. Note how some individual 
streams 
stay intact, while others form a more diffuse 
halo. (Paul Harding, University of Arizona)

http://burro.cwru.edu/www.cv.nrao.edu/~jhibbard/home.html/
http://www.nrao.edu/
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High speed encounters

✤ Impulse approximation
✤ Kinetic energy δT transferred to stars
✤ Going back to virial equilibrium requires transforming 

2 δT to potential energy (2T’=2T+ 2 δT =-U’=-(U+ δU) 
—>δU= -2 δT): large impact on the structure!
✤ possible mass loss (~evaporation of the hottest 

particles)
✤ Can become very important in high density 

environments such as clusters where the encounters 
are repeated (so-called harassment)
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Head-on high-speed encounters: ring galaxies
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Tidal truncation
676 Chapter 8: Collisions and Encounters of Stellar Systems

Figure 8.6 Contours of equal effective potential Φeff defined by equation (8.88) for two
point masses in a circular orbit. The mass ratio m/M = 1

9 . The points L1, . . . , L5 are the
Lagrange points. The L4 and L5 points form an equilateral triangle with the two masses
(Problem 3.25).

on the line connecting them, it is natural to identify the outermost radius of
orbits bound to m as the distance rJ between m and L3.

We may evaluate rJ by noticing that at (xm − rJ, 0, 0) the effective
potential has a saddle point, so

(
∂Φeff

∂x

)

(xm−rJ,0,0)

= 0. (8.87)

For two point masses a distance R0 apart, equations (8.85) and (8.86) imply

Φeff(x) = −G

[
M

|x − xM |
+

m

|x − xm|
+

M + m

2R3
0

(x2 + y2)

]
. (8.88)

At a point between the two masses, (8.87) is satisfied if

0 =
1

G

(
∂Φeff

∂x

)

(xm−rJ,0,0)

=
M

(R0 − rJ)2
−

m

r2
J

−
M + m

R3
0

(
MR0

M + m
− rJ

)
.

(8.89)

✤ ~easy in the case of point 
mass

✤ For a star not being on a 
closed energy surface does 
not imply being tidally 
removed: other integrals of 
motions can prevent it

✤ Can be generalized to a 
potential from distributed 
mass (e.g. a cluster): genesis 
of tidally stripped galaxies
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Transformation mechanisms of 
(late-type) galaxies in clusters
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Galaxy encounters in a cluster

✤ ~30 galaxies brighter than L* with cross-section σ ~π (10 kpc)2~3 10-4 Mpc2

✤ ~1000 galaxies down to 10-3L*
✤ Volume ~ 4/3 π (1 Mpc)3~4 Mpc3

✤ Velocity ~1000 km/s~1e-9 Mpc/yr
✤ Collision rate for a single (large) galaxy to be hit by another galaxy (neglecting 

gravitational focusing and dynamical friction) ε ~ n σ v ~ 0.1/Gyr
✤ For significant interaction (not necessarily head-on collision) the cross section 

increases by a factor ~10, thus a galaxy has a strong interaction ~every Gyr
✤ On the other hand, high-speed encounters are unlikely to result in a merger, 

unless the impact parameter is small
✤ In summary: in a cluster like Virgo one should see direct collisions on big galaxies 

roughly once every 0.3 Gyr. Interactions should be much more common, roughly 
every few 10 Myr.

✤ Mergers on the central galaxies are another story, where dynamical friction plays 
a big role

Taking rough numbers for Virgo
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Galaxy-galaxy tidal interactions

✤ M is the mass of the “perturbing” body, R its 
distance from the center of mass of the 
“tidally perturbed” galaxy and δR is the size 
of the perturbed galaxy

✤ Tidal interactions are only relevant on scales 
of ~few 10 kpc, hence quite rare

✤ In clusters they are quite short and 
impulsive due to high speed

✤ Tidal stripping can affect HI and the 
outermost stars → ICL

©Jan Rek, Ravenshead Observatory

NGC 4438 in Virgo
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Tidal interactions with the 
potential well

✤ m=2 perturbation can create ovals, (kinematic) spirals, bars. Instabilities 
can be generated followed by SF and/or eventual heating of disk.

✤ Tidal stripping: removal of material (esp. loosely bound HI) from 
outside the tidal radius

✤ becomes effective near the cluster core (~100-200 kpc)

✤        Boselli&Gavazzi (2006), based on Merritt (1984)

✤ formation of ICL

ENVIRONMENTAL EFFECTS ON NEARBY CLUSTER LATE-TYPES 539

2006 PASP, 118:517–559

Fig. 16.—Logarithm of the perturbation parameter (defined in eq. [6]) plotted as a function of the distance from the cluster center (left) for Coma galaxies of
linear radius 30 and 5 kpc (dashed and dotted lines, respectively) and as a function of the H-band luminosity (right) for Coma galaxies at 200 and 800 kpc (dotted
and dashed lines, respectively) from the cluster center.

TABLE 1
The Adopted Parameters of the Clusters Coma, A1367, and Virgo

Cluster
AVS

(km s!1)
adVcluster

(km s!1) Ref.
rIGM

(atoms cm!3) Ref.
TIGM
(keV) Ref.

Rc
(kpc) Ref.

R
(Mpc) Ref.

Mcluster

(M,) Ref.

Coma . . . . . . . 6960 880 (1560) 1 3.12 # 10!3 3 8.2 3 257 3 2.19 7 1.2 # 1015 2
A1367 . . . . . . 6420 822 (1415) 1 1.25 # 10!3 3 3.5 3 240 3 2.13 7 6.9 # 1014 7
Virgo . . . . . . . 951 886 (1150) 4 2.00 # 10!3 5 2.3 8 130 5 1.68 7 2.5 # 1014 6

a The velocity dispersion of the cluster as a whole and of the late-type component alone (in parenthesis) from this work.
References.—(1) Struble & Rood 1991; (2) Briel et al. 1992; (3) Mohr et al. 1999; (4) Binggeli et al. 1993 (spirals in the core of cluster A);

(5) H. Böhringer 2005, private communication; (6) Schindler et al. 1999 (the total mass is calculated here as the sum of the M87, M49, and M86
total extended masses); (7) Girardi et al. 1998; (8) Böhringer et al. 1994.

For the largest galaxies ( kpc), we find on averager p 30gal

for Coma, 0.16 for A1367, and 0.06 for Virgo, atP p 0.28gc

a typical distance of kpc from the cluster center.R p 500
Figure 16 shows that the perturbation parameter becomes crit-
ical ( ) first for large galaxies passing within a fewP ∼ 0.1gc

hundred kiloparsecs of the cluster center. Notice also that the
perturbation parameter at any given distance from the cluster
center increases with galaxy size (luminosity).
Since the local tidal field varies as the inverse cube of the

separation, and since this quantity is much larger than the typ-
ical size of spiral galaxies, disturbances are expected to be
symmetric, contrary to galaxy-galaxy interactions (Byrd &Val-
tonen 1990). Gas removal can take place only outside the tidal
radius (the galactocentric distance up to which the per-rtidal
turbation is effective in removing material), which can be es-
timated for galaxies near the core radius 14 of the Coma,Rc

14 The lowest values for the tidal radius are expected to be close to the core
radius (Merritt 1984).

A1367, and Virgo Clusters, using the cluster parameters listed
in Table 1 and

r /R ∼ 0.5DV /dV (7)tidal c gal cluster

(Merritt 1984), where and are the rotational ve-DV dVgal cluster

locity of the galaxy and the cluster velocity dispersion, re-
spectively. Using an empirical relationship between the optical
radius and the rotational velocity,

!1DV p 21.55r (kpc)" 50.00 km s ,gal gal

we can estimate the tidal radius at the core radii of thertidal
three clusters as a function of the galaxy optical radii:

kpc,r (Coma) p 3.15r " 7.30 r (A1367) p 3.15r "tidal gal tidal gal

kpc, and kpc. The trunca-7.30 r (Virgo) p 1.58r " 3.67tidal gal

tion radius of galaxies in Coma and A1367 is thus significantly
larger than the optical and even the H i radius (which is ∼1.8
times larger than the optical one; Cayatte et al. 1994), while
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Fig. 16.—Logarithm of the perturbation parameter (defined in eq. [6]) plotted as a function of the distance from the cluster center (left) for Coma galaxies of
linear radius 30 and 5 kpc (dashed and dotted lines, respectively) and as a function of the H-band luminosity (right) for Coma galaxies at 200 and 800 kpc (dotted
and dashed lines, respectively) from the cluster center.

TABLE 1
The Adopted Parameters of the Clusters Coma, A1367, and Virgo

Cluster
AVS

(km s!1)
adVcluster

(km s!1) Ref.
rIGM

(atoms cm!3) Ref.
TIGM
(keV) Ref.

Rc
(kpc) Ref.

R
(Mpc) Ref.

Mcluster

(M,) Ref.

Coma . . . . . . . 6960 880 (1560) 1 3.12 # 10!3 3 8.2 3 257 3 2.19 7 1.2 # 1015 2
A1367 . . . . . . 6420 822 (1415) 1 1.25 # 10!3 3 3.5 3 240 3 2.13 7 6.9 # 1014 7
Virgo . . . . . . . 951 886 (1150) 4 2.00 # 10!3 5 2.3 8 130 5 1.68 7 2.5 # 1014 6

a The velocity dispersion of the cluster as a whole and of the late-type component alone (in parenthesis) from this work.
References.—(1) Struble & Rood 1991; (2) Briel et al. 1992; (3) Mohr et al. 1999; (4) Binggeli et al. 1993 (spirals in the core of cluster A);

(5) H. Böhringer 2005, private communication; (6) Schindler et al. 1999 (the total mass is calculated here as the sum of the M87, M49, and M86
total extended masses); (7) Girardi et al. 1998; (8) Böhringer et al. 1994.

For the largest galaxies ( kpc), we find on averager p 30gal

for Coma, 0.16 for A1367, and 0.06 for Virgo, atP p 0.28gc

a typical distance of kpc from the cluster center.R p 500
Figure 16 shows that the perturbation parameter becomes crit-
ical ( ) first for large galaxies passing within a fewP ∼ 0.1gc

hundred kiloparsecs of the cluster center. Notice also that the
perturbation parameter at any given distance from the cluster
center increases with galaxy size (luminosity).
Since the local tidal field varies as the inverse cube of the

separation, and since this quantity is much larger than the typ-
ical size of spiral galaxies, disturbances are expected to be
symmetric, contrary to galaxy-galaxy interactions (Byrd &Val-
tonen 1990). Gas removal can take place only outside the tidal
radius (the galactocentric distance up to which the per-rtidal
turbation is effective in removing material), which can be es-
timated for galaxies near the core radius 14 of the Coma,Rc

14 The lowest values for the tidal radius are expected to be close to the core
radius (Merritt 1984).

A1367, and Virgo Clusters, using the cluster parameters listed
in Table 1 and

r /R ∼ 0.5DV /dV (7)tidal c gal cluster

(Merritt 1984), where and are the rotational ve-DV dVgal cluster

locity of the galaxy and the cluster velocity dispersion, re-
spectively. Using an empirical relationship between the optical
radius and the rotational velocity,

!1DV p 21.55r (kpc)" 50.00 km s ,gal gal

we can estimate the tidal radius at the core radii of thertidal
three clusters as a function of the galaxy optical radii:

kpc,r (Coma) p 3.15r " 7.30 r (A1367) p 3.15r "tidal gal tidal gal

kpc, and kpc. The trunca-7.30 r (Virgo) p 1.58r " 3.67tidal gal

tion radius of galaxies in Coma and A1367 is thus significantly
larger than the optical and even the H i radius (which is ∼1.8
times larger than the optical one; Cayatte et al. 1994), while
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Dynamical friction
✤slows down the more massive galaxies near the 
center of a spherical cluster; they spiral in toward 
the cluster center.
✤ The kinetic energy removed from the massive 
galaxies is transferred to the lighter particles 
(galaxies or missing mass components), which then 
expand.
✤ mass segregation: more massive galaxies are 
found preferentially at smaller radii.
✤ at fixed radius the velocity dispersion of the more 
massive galaxies will be lower, as they have been 
slowed down (is velocity segregation a mass 
effect?)

Stacking of 683 clusters in SDSS
(Zibetti et al. 2005)

Tidal stripping 
and ICL

Simulation by J. Dubinski
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Galaxy “harassment” (©Ben Moore)

✤ combined effect of multiple high-speed galaxy-galaxy close (∼50 kpc) 
encounters and the interaction with the potential of the cluster as a 
whole

✤ heating of the stellar component and excitation of bar instabilities 
(esp. in the first encounters)

✤ sinking of gas and production of nuclear starbursts

✤ loss of angular momentum and thickening of the system

✤ possible mechanism to create dEs?
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Ram pressure

✤ A galaxy passing through the ICM feels an 
external pressure. This pressure depends on 
the ICM density and the relative velocity vrel 
of the galaxy and the ICM (Gunn & Gott 
1972)

✤ with pram being the ram pressure, G the 
gravitational constant, σstar the stellar surface 
density, σgas the surface mass density of the 
galactic gas.

Crowl et al. (2005)

Kenney et al. (2004)

Gavazzi et al. (1995)

CGCG 97-073
RC on Hα
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Vollmer et al. (2001)
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Effects of ram pressure

✤ Removal of substantial ISM on cluster crossing time scale
✤ Especially applies to extended HI, more difficult for denser and 

more bound molecular gas
✤ On the long run this leads to HI exhaustion with eventual 

depletion of molecular gas and cessation of SF
✤ Bow shock and compression of the ISM ahead of the galaxy
✤ Gas tail
✤ Displacement can trigger instabilities and generate flocculent spirals
✤ External pressure can cause a temporary enhancement of SF
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Ram pressure at work

GAs Stripping Phenomena with MUSE (GASP) 

120 hrs MUSE@VLT (PI B.M. Poggianti)
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Thermal evaporation

✤ If the IGM temperature is high compared to the galaxy velocity 
dispersion, at the interface between the hot IGM and the cold ISM, the 
temperature of the ISM rises rapidly and the gas evaporates and is not 
retained by the gravitational field

✤ sensitive to IGM temperature and the magnetic field, and to a lesser 
extent to the density

✤ A typical galaxy with a 15 kpc radius and 5 109 M⦿, of atomic gas can 
be completely evaporated (assuming no magnetic fields) in ∼40 Myr 
in Coma, 300 Myr in A1367, and ~1Gyr in Virgo

✤ Becomes dominant over ram pressure for slow and small galaxies; 
also for large galaxies in case of hot IGM (Coma)
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Starvation / strangulation

✤ Removal of the halo of (hot) 
gas that normally surrounds 
isolated galaxies and 
provides the reservoir for the 
cold gas and SF (Larson et al. 
1980)

✤ Can explain the abundance 
of anaemic spirals in the 
outskirts of clusters (Goto et 
al. 2003)

and the intragroup medium could be less important in
groups than in clusters. However, the above results imply
that the star formation rates of galaxies passing through the
center of a group can be strongly affected by the IGM. We
thus suggest that the observed difference in physical proper-
ties between field and group galaxies (e.g., Mulchaey &
Zabludoff 1998; Tran et al. 2001), such as the relatively sup-
pressed star formation in some group member galaxies, can
be due partly to the halo gas stripping of galaxies.

In the above simulations, we assumed that the spiral halo
gas is composed only of diffuse hot gas; we did not consider
that some fraction of the halo gas is ‘‘ lumpy ’’ or is located
in discrete gas clouds such as the high-velocity clouds sug-
gested to exist in the surrounding regions of the Galaxy and
the Local group of galaxies (e.g., Blitz et al. 1999). These dis-
crete gas clouds are likely to be influenced much less by the
hot ICM, because the ram pressure is less efficient for such
clouds owing to their relatively compact configuration.
Consequently, a considerably smaller amount of halo gas
would be stripped if the halo gas of spirals infalling onto a
cluster is composed both of hot diffuse gas and cold discrete
gas clouds. We therefore suggest that the total amount of

gas stripped in the present simulations could be overesti-
mated because of the model’s not including the possible cold
gaseous clouds in the simulations.

3. MORPHOLOGICAL EVOLUTION OF SPIRALS
AFTER GAS STRIPPING

In order to investigate how spiral galaxies evolve dynami-
cally after halo gas stripping and the subsequent rapid
decline of gas infall onto their disks, we numerically simu-
late the morphological evolution of spirals with different
infall rates. These numerical simulations are carried out
using a GRAPE board (Sugimoto et al. 1990). In these
GRAPE simulations, a spiral disk with an initial disk mass
of 3! 1010 M" and an initial Q parameter (Toomre 1964)
value of 1.0 is composed of 20,000 collisionless particles,
and (for self-consistency) these particles respond to the fixed
gravitational force of the dark halo and bulge components
described in equations (3) and (5). We steadily add new col-
lisionless particles (which are considered to be the ‘‘ gaseous
components ’’ here) on circular orbits to the disk in order to
mimic the accretion of dynamically cool gaseous compo-
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Fig. 1.—Upper left panel: Orbital evolution of a spiral in a cluster with Mcl ¼ 5! 1014 M", Rs ¼ 230 kpc, and Rvir ¼ 2:09 Mpc. The orbit during 4.5 Gyr
dynamical evolution of the spiral is given by a solid line. The cluster core (or scale) radius is represented by a dotted circle. The time 0, 2.3, 2.8, and 3.4 Gyr are
represented by crosses along the orbit. Three remaining panels: Time evolution of the halo gas distribution during the dynamical evolution of the spiral.

No. 2, 2002 PASSIVE SPIRAL FORMATION 653Bekki et al. (2002)
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Preprocessing

✤ Hierarchical mass assembly: 
galaxies don’t (only?) fall in 
clusters in isolation but 
possibly already as part of 
groups

✤ Mergers and tidal interactions 
are much more effective in 
smaller and lower-σ groups

✤ This is not so commonly 
observed in local clusters 
though, but may be more 
common at higher z

Blue infalling group in 
A1367 (Cortese et al. 2006)
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Comparison of different mechanisms: 
effects of perturbation

✤ Gravitational interactions (galaxy-galaxy, galaxy-cluster, harassment)
✤ Induce dynamical instabilities and angular momentum transfer/

loss
✤ Gas sinks and nuclear starburst are produced
✤ Increase of B/T, truncation of stellar and gas disks
✤ Mergers (rarely)
✤ Facilitate the “work” of the ICM

✤ Interactions with the hot ICM
✤ efficiently remove the outer disk gas and quench star formation 

(directly by gas removal or via starvation)
✤ hardly increase B/T, as required to explain the morphological 

segregation
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Comparison of different mechanisms: 
timescales and probability

✤ Timescale for tidal interactions (relaxation time): ~1010 yr
✤ Timescales for ram pressure gas stripping: about one crossing 

time, 109 yr
✤ Timescale for harassment: several crossing times (multiple 

encounters are necessary)
✤ Timescales for gas removal for thermal evaporation or 

viscous stripping 
✤ in relaxed, gas-rich clusters (eg Coma) very short: <108 yr
✤ in unrelaxed, gas-poor clusters (eg A1367 or Virgo): some 

108 yr
✤ Timescale for galaxy starvation: some Gyr
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Comparison of different mechanisms: 
efficiency vs clustercentric distance
✤ Galaxy–cluster IGM interactions are most 

efficient close to the cluster center, where 
the density and the temperature of the 
IGM (as well as the velocity of galaxies) 
reach their maxima

✤ The perturbations induced by the cluster 
potential are also most efficient in the 
cluster center, since the cluster tidal field 
is maximal at the core radius

✤ Galaxy-galaxy interactions: competition 
between frequency (higher in the core) 
and duration (shorter due to higher 
velocity in the core)

✤ Harassment can be effective also at the 
periphery

✤ Starvation is already effective outside the 
virial radius

✤ Preprocessing (by definition...) occurs 
outside the cluster
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Conclusions

✤ Galaxy transformations in clusters are VERY COMPLEX

✤ Result from a number of mechanisms involving dynamics and 
hydrodynamics of multiple phases

✤ Interactions with the IGM appear to dominate the transformation of 
late type galaxies in present day clusters, but the efficiency of such 
mechanisms is very inter-dependent on all the other mechanisms


