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11
Discussion: LSB Galaxy Evolution

IN this thesis we have have seen that there are
strong trends of galaxy properties with surface

brightness. In particular we have seen that those
galaxies with the lowest surface brightnesses cur-
rently known also seem to be the most unevolved
galaxies. These LSB galaxies are trapped in their
current evolutionary state due to a combination
of low density and low metallicity and hence in-
efficient cooling which makes it difficult to form
stars at a large scale. The few stars that are formed
suffice to keep the Interstellar Medium (ISM) hot
enough to prevent a large star formation rate. As a
consequence LSB galaxies still have large amounts
of gas left with dynamically insignificant stellar
disks.

In many ways the LSB galaxies represent
merely the most extreme end of a gradual change
in properties along the surface brightness se-
quence. These changes towards lower surface
brightness are: increasingly bluer colors; decreas-
ing H I surface density; decreasing metallicity; de-
creasing importance of the stellar disk; increas-
ing domination of dark matter (DM); increasingly
thinner stellar disk; decreasing CO content; and
(tentatively) increasingly extended and low den-
sity DM halos. The dimmest LSB galaxies which
have at the time of writing been investigated in
some detail have central disk surface brightnesses
of� 24:0 B-mag arcsec�2.

Two natural questions are (1) is it possible to
find a physical mechanism that can explain the ex-
tremely slow evolution of LSB galaxies, and the
difference with the rapidly evolving HSB galax-
ies, and (2) what happens at even lower surface
brightnesses? Is there a population of very low
surface brightness (VLSB) galaxies, and what are
their properties? It should be noted that, analo-
gous to the definition of LSB galaxies, I specifi-
cally define VLSB galaxies to be disk dominated,
rotationally supported systems.

In this section I will discuss the mechanism of

phase transition as a likely explanation of the lack
of evolution of LSB galaxies, and show that we
can use this mechanism to explain the evolution
of disk galaxies in general. This will be followed
by a short discussion on the properties of VLSB
galaxies.

11.1 The Evolution of the ISM

An attractive picture of the evolution of the ISM in
galaxies from high redshifts to the current epoch
was recently presented in Norman & Spaans
(1997) [hereafter NS], Spaans & Carollo (1997)
[hereafter SC], and independently also in Corbelli
& Salpeter (1995) [hereafter CS]. Here I will sum-
marize the main aspects of this picture and dis-
cuss the implications for LSB galaxies.

The conventional picture of galaxy formation is
that of baryonic matter collapsing in the poten-
tial well of a (non-baryonic) dark matter halo. We
will not concern ourselves with the precise details
of the cosmology (power-spectrum, value of Ω0,
etc.), which are important when one wants to pre-
dict e.g., the luminosity function, or the halo mass
function. Here, we will focus on the evolution of
the ISM from just after galaxy formation to the
current epoch.

For simplicity I assume that the gas has already
settled in a disk. Initially the gas which forms the
ISM will be very metal-poor. There may be some
small amount of enrichment due to the presence
of quasars and AGNs, or due to Population III
stars, but the resulting metallicity is unlikely to
exceed the 10�3 Z� level (Norris, Peterson & Beers
1993).

In the absence of metals and dust it will be very
hard to form H2 the “normal” way, that is, on
the surfaces of dust grains. There is however an
alternative way. The ambient UV field ensures
that part of the predominantly gaseous ISM is ion-
ized. Through the reaction H + e� ! H�

+ h�,
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180 CHAPTER 11 DISCUSSION: LSB GALAXY EVOLUTION

which, if the H� survives long enough, is fol-
lowed by H +H�

! H2 + e�, molecular hydro-
gen can be produced. The H2 can however be de-
stroyed again by the UV field and collisions. NS
find that the balance between these two processes
yields a molecular fraction of n(H2)=n(H) ' 10�2.

The equilibrium in the disk slowly changes
with time as the external radiation field drops and
the metallicity increases. At high redshifts the
disk is primarily in a single, warm phase with a
temperature T >

�
5000 K. However, as described

above, trace amounts of molecular hydrogen can
be formed, making possible low-level star for-
mation and a slow increase of the metal content.
One can derive an upper limit for the Star For-
mation Rate (SFR) by considering that a high SFR
will heat the ISM and thus destroy the molecules.
This upper limit for the SFR turns out to be a
few times 10�2 M� yr�1. The star formation
will probably not occur in giant molecular clouds,
but rather sporadically throughout the disk. The
SFR will not be continuous. In this metal-poor
star formation mode the new stars will destroy
the molecules in their neighborhood, which will
quench any further star formation. In low density
systems this effect will be strongest, as the sphere
of influence of new stars is largest there. After the
star formation has stopped, the molecules form
again and the cycle can start anew. These small
bursts typically form about 106 M� of new stars
(� 10�3 of the total disk mass), but as the molecule
formation time-scale is two orders of magnitude
larger than their dissociation time-scale the aver-
age star formation rate will still be very low1.

This will continue until a metallicity Z � 0:03�
0:1 Z� is reached, when enough metals have been
created for the usual coolants (like carbon and
oxygen) to dominate the cooling. Formation of H2
on dust grains then becomes the dominant way to
form molecular hydrogen. Cooling is sufficiently
efficient that the warm phase will no longer be
thermally stable, and a transition to a two phase
medium occurs. A cool (T < 1000 K) diffuse phase
of the ISM can then be maintained. This means
that dense molecular clouds can form, and that
the usual mode of star formation in a two phase
medium can occur. This “phase transition”, creat-
ing a cool phase, thus ensures that rapid and mas-
sive star formation can occur. This phase transi-
tion was investigated in some detail by CS. They
find that the minimum abundance for which the

1Note that the bursts which occur in model L of the simula-
tions in Chapter 6 typically form 3� 106 M� of new stars. The
average SFR of model L is � 5� 10�2 M� yr�1. The average
SFR in LSB galaxies is of the same order (Chapter 3).

phase transition takes place rapidly (less than a
fraction of the Hubble time) increases with de-
creasing surface density. The transition to a state
of rapid star formation can thus be delayed for a
long time in low surface density galaxies.

In the following I will frequently refer to the
one-phase medium as the warm phase, and to the
two-phase medium as the cold phase. With this
I do not imply that, e.g., the cold phase consists
entirely of cold gas, but rather that the fraction of
cold gas is large and significant (tens of percents),
while in the warm phase the fraction is quite small
(a few percent or less).

CS modeled protogalactic disks with rotation
velocities between 30 and 300 km s�1 and H I col-
umn densities NHI between 1020:5 and 1021:5 cm�2.
In these disks the sound speed is much smaller
than the rotation speed so that they are rotation-
ally supported. The gas is assumed to be dis-
tributed in a slab of constant density, and em-
bedded in a rigid dark halo potential which con-
tributes a fraction � to the mid-plane pressure
within the disk.

The phase transition point depends on the col-
umn density of the gas, as is shown in Fig. 11.1
(taken from CS) for a fixed value of Z = 0:01 Z�.
This figure shows the strength of the radiation
field needed to attain a certain equilibrium tem-
perature, for two values of NHI. It is clear that at
low column densities a less intense radiation field
is required to reach the same equilibrium temper-
ature. The region where 2 <

�
log T <

�
3:8 is unsta-

ble. The circle on each of the two curves therefore
indicates the transition temperature, the smallest
equilibrium temperature for which a stable, warm
phase exists. In the warm one-phase state iron is
the most important coolant; in the cold two-phase
state carbon. The curves shown in Fig. 11.1 will
thus change with metallicity.

The transition point can also be expressed in
terms of a column-density-dependent metallicity.
That is, for fixed values of the incident radiation
field J0, the redshift z, and the dark matter pres-
sure fraction �, one can define a metallicity Ztr
which, at a certain value of NHI, is required to
make the equilibrium temperature equal to the
transition temperature. When the metallicity has
reached the value of Ztr a phase transition to a cool
medium is possible. It will however depend on
the strength of the radiation field, the column den-
sity and the redshift how rapid this transition will
be. CS compute the minimum metallicity Zmin,
which is the metallicity at which the phase tran-
sition will take place in 0.2 times the Hubble time
or less. This reproduced in Fig. 11.2 for fixed val-
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FIGURE 11.1— Equilibrium curves for two different column
densities. The vertical axis shows the strength of the radia-
tion field required to have a equilibrium temperature T. The
open circle denotes the transition temperature: the lowest sta-
ble temperature for the warm phase. From Corbelli & Salpeter
(1995).

FIGURE 11.2— Top: Fraction of Hubble time required to
complete the transition to the cool phase for fixed values of z,
J0 and �. Bottom: Ztr (thin curve) and Zmin (thick curve). The
star indicates the column density for which t = 0:2tHubble in
the top panel, and for which Zmin = 2Ztr in the bottom panel.
From Corbelli & Salpeter (1995).

FIGURE 11.3— Zmin is plotted as a function of NHI for three
combinations of J0 and �. Stars indicate the column densities
N? where Zmin = 2Ztr . Full lines denote z = 2:5; dotted lines
z = 1:0; dashed curves z = 0:1. From Corbelli & Salpeter (1995).

ues of J0, z and �. It is apparent that the transition
metallicity Ztr decreases with increasing column
density. High column density objects will be able
to start cooling slowly already at low metallicities.
However, they will not be able to do so rapidly
(that is within 0.2 of the Hubble time) unless their
metallicity is much larger than Ztr . The difference
Ztr �Zmin decreases towards lower column densi-
ties, so that low column density systems can cool
efficiently as soon as they have reached Ztr . The
value of Ztr is however much higher for low col-
umn densities and it will take longer to reach that
value for a certain SFR.

A more general version of this result is shown in
Fig. 11.3. This shows Zmin as a function of NHI for
various values of J0, � and z. The stars mark the
column densities N? for which Zmin = 2Ztr. To the
left of N? one finds Zmin < 2Ztr , so only a slight in-
crease above Ztr is needed to make the transition
to the cool phase within a fraction of the Hubble
time. To the right of N? one finds Zmin > 2Ztr so a
large increase above Ztr is needed to make a rapid
transition.

The ISM at high redshifts may already be con-
taminated by AGN and quasar activity and Pop-
ulation III stars (probably to levels of 10�4 to
10�3 Z�), so that for high column density systems
Zmin may have been less than this initial metal-
licity. These systems would then have made the
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transition to the cool phase right after recombina-
tion. Later on, as J0 decreases increasingly lower
column-density systems will make the phase tran-
sition.

Within a galaxy the phase transition will at dif-
ferent positions take place at different times (as
described in SC). The transition time depends on
the efficiency of the metal-poor slow mode of star
formation and the geometry of the galaxy. In disk
galaxies the star formation will easily blow a hole
in the disk, so that metal-enriched gas is lost. This
will not be the case in spheroidal galaxies. The
outer parts of disk galaxies will remain undis-
turbed and very metal-poor: metal-enriched gas
will primarily move perpendicularly out of the
disk and not radially. The delay between phase
transition in the (denser) inner parts and the outer
parts will be thus longer in disk galaxies than in
spheroidal galaxies. Disk galaxies thus have had
less time to form stars efficiently than elliptical
galaxies (or bulges).

Gravitational instabilities will also play a role in
determining the star formation history of a galaxy.
From the Toomre Q-criterion a gravitational in-
stability threshold density can be defined below
which a medium will be stable against pertur-
bations (Kennicutt 1989). In many HSB galaxies
the gas surface density is higher than this critical
density, and instabilities will play a large role, as
the presence of bulges and bars in HSB galaxies
show. In some galaxies the gravitational instabili-
ties may already set in before the phase transition,
thus accelerating the evolution of these galaxies.

In LSB galaxies the situation is different. The
gas surface density is less than the critical density,
and most of the disk will be stable. The dark mat-
ter has a stabilizing influence as well. It is there-
fore likely that instabilities will only play a sig-
nificant role after the transition to the cool phase,
when the velocity dispersion has dropped signif-
icantly. In some galaxies this process once started
may lead to a run-away process: the star forma-
tion increases Z after which other regions also un-
dergo a phase transition, start forming stars, and
in turn affect other parts of the galaxy. If the star
formation does not die out, this will result in a
starburst.

In summary, we have the picture of galaxies
starting out their evolution with a warm one-
phase medium. Star formation at a very low
level is still possible though. This slowly enriches
the ISM, so that at a certain metallicity a transi-
tion to a two-phase medium, with a cool and a
warm component, becomes possible. Once this
has happened, efficient star formation can start,

and the evolution accelerates. Lower column den-
sities need higher metallicities to switch to a two-
phase medium, so that the low column-density
LSB galaxies are still trapped in their hot phase,
whereas the high column density and actively
star-forming HSB galaxies already have a two-
phase ISM.

11.2 The Evolution of LSB Galaxies

There are many similarities between the proper-
ties of galaxies that are in the low-metallicity star
formation mode described above and properties
of LSB galaxies.

The low metallicities, low surface densities, low
dust content and low, sporadic star formation
rates found in LSB galaxies support that the ISM
in these galaxies is mainly in the warm phase. It is
noteworthy that the values for the SFR predicted
by the NS model, agree so well with the SFRs mea-
sured in LSB galaxies. Also note that the only way
to get the correct SFR from N-body models (see
Chapter 6) was by lowering the cooling-efficiency
of the ISM.

If LSB galaxies indeed have a warm ISM, then
they truly are unevolved galaxies. Although they
may be a Hubble time old, they have formed stars
only at rates of order 10�2 M� yr�1. With most
of the gas in the warm phase there should only
be trace amounts of molecular gas present in LSB
galaxies.

The large influence the metallicity has on the
structure of the ISM can be illustrated by return-
ing to models L and H from Chapter 6. There an
attempt was made to model an LSB galaxy as a
both a low-density system (model H), and a low-
density, low-metallicity system (model L). It was
found that model H has a two-phase medium, as
is also clear from Fig. 6.4. Model L simulates a
low metallicity of 0.15 Z� and shows a one-phase
medium.

Figure 11.4 shows the face-on views of the
gaseous ISM in both models. The difference be-
tween the two models is striking. Model L has a
warm component which is more smooth and ex-
tended than in in model H. The ISM in model L is
much less clumped than in model H.

The qualitative conclusion we can derive is that
the cooling and heating of the ISM are among the
most important parameters regulating the evolu-
tion of galaxies, maybe more important than the
total mass of the disk and the halo, which are by
construction identical in models L and H.
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FIGURE 11.4— Face-on views of the gaseous ISM in models H (left) and L (right) from Chapter 6. The warm component in
Model L is more diffuse and extended than in model H. In Model H almost 40 per cent of the ISM is in the cold phase (T < 1000K),
while in Model L this is only 4 per cent. The large influence small amounts of star formation have on the ISM in model L is clearly
visible as the large bubbles in the outskirts of the disk. Both figures show an area of 25 � 25 kpc. For details on these Models, see
Chapter 6. (Picture courtesy Jeroen Gerritsen)

H II galaxies

H II galaxies, also known as blue compact galax-
ies or extragalactic H II regions, are galaxies with
an intense star burst, but with a surrounding
LSB disk. There have been suggestions that LSB
galaxies may be the progenitors of these galaxies
(Thuan & Martin 1981, Taylor et al. 1994, Telles &
Terlevich 1997), and indeed the colors of the disks
of H II galaxies have a remarkable similarity with
those of LBS galaxies (Telles & Terlevich 1997).

One of the arguments against this idea was the
dominance of the dark matter in LSB galaxies. The
large added stability of the halo would make the
disk immune for perturbations that could lead to a
star burst (Mihos, McGaugh & de Blok 1997). The
phase-transition hypothesis does however lend
a natural explanation for the H II galaxy phe-
nomenon, independent of gravitational instabil-
ities. Normal LSB galaxies are still hung-up in
their hot phase, while H II galaxies are LSB galax-
ies that have just undergone their transition to the
cool phase which has triggered a starburst. It ex-
plains naturally why Taylor (1997) found no dif-
ference between the large-scale environments of
LSB galaxies and H II galaxies.

One aspect which still needs to be explained is
why the starburst is triggered in some LSB galax-
ies and not in others. The most important differ-
ence between H II galaxies and LSB galaxies Tay-

lor et al. (1994) find is that H II galaxies have steep
H I surface density profiles with high central val-
ues of � 12 M� pc�2, which is a factor 4 higher
than in LSB galaxies. This high surface density
ensures that the phase transition can take place
even at the low metallicities LSB galaxies have
(cf. Fig.11.2).

The question which remains is what has caused
the high central surface densities. It might be
caused by interactions with small companions.
Taylor (1997) finds that H II galaxies have more
nearby companions than LSB galaxies. However,
as there are several dwarf galaxies known (IC
3522, IC 3365) (Skillman et al. 1987) that have high
central densities but are not undergoing a star-
burst, it seems the conditions for phase transition
ultimately determine whether a star burst will oc-
cur or not. The companions merely make it more
likely that high surface densities occur.

Lastly, if LSB galaxies are the progenitors of H II
galaxies, then what do these galaxies turn into
when their starburst is over? If they have mas-
sive halos, as do LSB galaxies, and as is suggested
by their rotation curves (Taylor et al. 1994) then it
will be hard to destroy them and large-scale blow-
out should not take place. Taylor et al. (1994) es-
timate that about one-fifth of the disk luminosity
is involved in the star burst. After the burst the
galaxy will be redder, more dust-rich, richer in
molecular gas, and of course have most of its ISM
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in a cool phase. Disk instabilities such as bars will
also more easily occur due to the lower velocity
dispersion. One possible candidate class of galax-
ies are the Magellanic irregulars. If they are the
“left-overs” of H II galaxies, they should be sys-
tematically redder, have higher metallicities, and
have a higher frequency of bars. It is at least sug-
gestive that for the Large Magellanic Cloud a star
formation history can be derived consisting of a
period of low SFR until � 4 Gyr ago, after which
the SFR sharply increased by a factor of� 10 (e.g.,
Bertelli et al. 1992). This burst may have lasted un-
til only one Gyr ago in some parts of the LMC. The
very different star formation histories derived for
the LMC and the SMC argue against a dynamical
cause (interaction) for this burst. So maybe what
we are seeing are the results of the LSB proto-LMC
suddenly developing a two phase medium, and
after a phase as H II galaxy, turning into a Magel-
lanic irregular.

Malin galaxies

The Malin LSB galaxies are the giants of the LSB
galaxy zoo. They are massive galaxies, with huge,
low surface density disks, and a prominent bulge.

One way to fit Malin galaxies into the phase
transition picture, is to assume that the central
parts have undergone the change to a two-phase
medium already a few Gyr ago, leading to large
amounts of star formation and a prominent bulge.
The transition did not propagate itself outwards,
maybe because of the low surface densities and
metallicities in the disk. Of course the giant size of
these galaxies may simply mean that the bulge de-
notes the sphere of influence of this central burst
of star formation, and that metal-enriched gas had
no chance to reach the outer parts.

This radical difference between inner and outer
parts suggest that there must be a large difference
in metallicity, color and age. Quillen & Pickering
(1997) present optical and near-infrared colors of
two giant LSB galaxies, and show that their bulges
are significantly redder by � 0:5 mag than their
disks, which have colors typical of normal LSB
galaxies. The central parts of giant LSB galaxies
also have metallicities that are solar or higher (Mc-
Gaugh 1994, Pickering & Impey 1997), showing
that the central parts are considerably enriched.
Measurements of the outer parts should show
whether these are as metal poor as normal LSB
galaxies.

The evolution of the giant LSB galaxies shows
that mass also plays a role in determining when
the phase transition occurs. Presumably the
deeper potential well makes it easier for the gas

to gather in the center.

HSB galaxies

And where do HSB galaxies fit in? These galax-
ies must have made their transition already in the
past, and already have a two-phase ISM, as the
vigorous star formation in some of these galax-
ies shows. In many HSB galaxies the gas sur-
face density is close to the Kennicutt (1989) criti-
cal density. For these galaxies gravitational insta-
bilities may have started to play a role once they
were in the cool phase, but not necessarily in the
hot phase. The difference between early and late
types may thus have simply come about by the
strength of the gravitational instabilities once in
the cold phase.

11.3 The VLSB Regime

The implication for VLSB galaxies are that they
are very low surface density systems that have a
hot one-phase ISM, and will in principle be form-
ing stars very slowly. However, at low densities
an extra factor comes into play: the ionizing UV
extra-galactic radiation field. At column densities
of a few times 1019 cm�2 this will ionize the H I
thus shutting off star formation. This is shown by
the presence of sharp edges to the outer H I disks
of both NGC 3198 and M33 (van Gorkom et al.
trad., Corbelli, Schneider & Salpeter 1989, Corbelli
& Salpeter 1993, 1995; Maloney 1993) and recently
NGC 253, where the ionized gas beyond the H I
disk was in fact observed (Bland-Hawthorn, Free-
man & Quinn 1997). Modeling by Maloney (1993)
shows that the actual surface density where this
large increase in ionization fraction occurs is fairly
insensitive for galaxy parameters.

VLSB galaxies with surface densities below a
few times 1019 cm�2 may well be completely ion-
ized and thus invisible in H I. This is tentatively
confirmed by Zwaan et al. (1997). In a deep,
blind H I survey, undertaken with the Arecibo
telescope, with a limiting 5� column density sen-
sitivity of � 1018 cm�2, the lowest column densi-
ties they found were a few times 1019 cm�2. Pho-
tometry of these objects shows that this corre-
sponds to a cut-off in the surface brightness dis-
tribution of � 24 B-mag arcsec�2. If the relation
between surface brightness and surface density
holds, and ionization plays no role, their limiting
sensitivity of � 1018 cm�2 should have enabled
them to detect objects with surface brightness of
�

B
0 � 26:5 mag arcsec�2. Apparently H I rich disk

galaxies with central surface brightnesses >
�

24
mag arcsec�2 are very rare.
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This confirms conclusions reached by (amongst
others) Briggs (1990, 1997), Weinberg (1991) and
Szomoru (1995) that an H I selected sample gives
a fair representation of the whole range of gas-rich
galaxies. To quote Briggs (1997) “H I selected ob-
jects are apparently drawn from the same popu-
lation of extragalactic systems that is already cat-
aloged by optical selection”. Or, in other words,
whenever H I is detected, stars will be present too.
There is no large hidden population of VLSB H I
rich galaxies. This does of course not exclude the
presence of a large population of VLSB low sur-
face density ionized galaxies. These will however
be very hard, if not impossible, to detect in H I or
optically.

So will they be detectable at all? In special cir-
cumstances (interactions) the gas may be swept
up and become of high enough density to form
stars. But where are these VLSB galaxies to be
found? Mo et al. (1994) find from an analysis of
correlation functions that the large scale distribu-
tion of LSB galaxies is slightly broader than those
of HSB galaxies. That is, LSB galaxies are fairer
tracers of the underlying large scale structure than
HSB galaxies. If this trend continues then VLSB
galaxies should be searched for at the edges of
the large scale structure filaments. The edges of
voids, or maybe the voids themselves might be
good hiding places. VLSB galaxies will however
almost certainly only be detectable in absorption.
In that respect the link with Ly-� clouds and other
low surface density absorbers becomes very inter-
esting.

11.4 Speculations and Conclusion

Lastly, can the phase transition picture be used
to give us a general picture of galaxy evolution?
NS, SC and CS already suggested that the faint
blue galaxies (FBG) observed at redshifts of � 1
are galaxies going through a phase-transition at
that moment. Similarly the change in morphol-
ogy of detected galaxies from primarily ellipticals
at high redshifts to primarily spirals and irregu-
lars at z � 1 may be explained in terms of the de-
pendence of the phase transition on geometry and
column density of the galaxy.

Will these galaxies that were active at high red-
shifts have left remnants that we can search for
in our local Universe? If the FBGs have masses
comparable to the present spirals, then they could
have undergone an early phase-transition at high
redshift because they had high H I column densi-
ties or because they lived in very light halos (or
both). The light-halo case implies that the baryon
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FIGURE 11.5— Top: Location of various types of galaxies in
the mass-surface density plane. Galaxies in the shaded region
have a stable one-phase medium; galaxies in the white region
have a two-phase ISM. Galaxies at very low surface densities
are probably ionized. Very large-mass and very small-mass
galaxies in the two-phase region may have destroyed them-
selves during the phase-transition and have turned into ellip-
ticals. Bottom: Galaxies in the luminosity-surface brightness
plane. If mass is equated to light, then this is the observational
version of the top panel (from Patterson et al. 1996).

fraction in these halos was substantially different
from that found in present-day galaxies, which
is a cosmologically unattractive option. It also
would imply that these galaxies should destroy
themselves in their starburst, and leave no rem-
nants.

If they had normal halos but high surface den-
sities, then there should be present-day remnants
of these galaxies in the form of very red, gas-
poor, metal-rich galaxies. A 107 yr burst 2 Gyr
ago results in a present day B�V >

�
1. Surveys

for these red remnants should therefore be carried
out in I-band or K-band. It should be noted that
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a recent survey in the red has turned up a class
of LSB galaxies with colors B � V � 1 (O’Neill,
Bothun & Cornell 1997). However, until more is
known about these galaxies it is too early to say
whether these are truly FBG remnants, or merely
LSB galaxies in between bursts.

The top panel of Fig. 11.5 summarizes this
chapter in cartoon-style. It shows the surface
density–mass plane, and the positions galaxy oc-
cupy there. At low surface densities we find (in
order of increasing mass) dwarf irregulars, LSB
galaxies and Malin-1’s. These galaxies have a
one-phase ISM (with the exception of perhaps the
bulges of Malin-1’s), and have not undergone a
phase-transition. Evolution runs very slowly in
these galaxies. At even lower surface densities the
H I becomes ionized, and a population of ionized
VLSB (proto)-galaxies may hide there.

At the border of the HSB, LSB and dIrr regions
we find the H II galaxies, which are LSB galaxies
that are changing to a two-phase medium.

At higher surface densities we find the HSB
galaxies. These occupy a limited range in
mass. We might speculate that at lower masses
the amount star formation after transition was
enough to disrupt the objects found there. Maybe
these resulted in the high surface density dwarf
ellipticals and globulars?

In high column density galaxies the phase tran-
sition will occur very quickly (i.e., at high z). The
massive galaxies may survive and turn into el-
lipticals. Maybe the FBGs also once populated
this area of the diagram before they bursted. To
substantiate this a little bit compare the top panel
in Fig. 11.5 with the bottom panel. The latter is
taken from Patterson et al. (1996) and shows a
luminosity-surface brightness diagram. If mass
can be equated to light, then the two figures are
directly comparable.

One thing is for sure though, LSB galaxies give
us a rare glimpse on the properties of young
galaxies before their first major burst of star for-
mation. In a number of Gyrs they too may “switch
on”, and become the dominant galaxies of the fu-
ture.

When the first data for this thesis was collected
LSB galaxies were still regarded as invisible and
insignificant little dwarf galaxies. Six years later
they have contributed substantially to our knowl-
edge of galaxy evolution. LSB galaxies show us
galaxy evolution as it proceeds when there are
no disrupting influences; they have turned out to
be the best probes for determining the structure
of dark matter halos of individual galaxies; they
have added to the mystery of the Tully-Fisher re-

lation. Due to their slow evolution we can infer
what the conditions in galaxies were presently ob-
served at high redshifts. LSB galaxies may be the
missing link in a chain that ties together past and
present galaxies.

References
Bertelli, G., Mateo, M., Chiosi, C., Bressan, A. 1992, ApJ,

388, 400
Bland-Hawthorn, J., Freeman, K.C., Quinn, P.J. 1997,

ApJ, in press
Briggs, F.H. 1990, AJ, 100, 999
Briggs, F.H. 1997, ApJLet, 484, 29
Corbelli, E., Salpeter, E.E. 1993, ApJ, 419, 104
Corbelli, E., Salpeter, E.E. 1995, ApJ, 450, 32
Corbelli, E., Schneider, S.E., Salpeter, E.E. 1989, AJ, 97,

390
Kennicutt, R.C. 1989, ApJ, 344, 685
Maloney, P. 1993, ApJ, 414, 41
McGaugh S.S. 1994, ApJ, 426, 135
Mihos, J.C., McGaugh, S.S., de Blok, W.J.G. 1997,

ApJLet, 477, 79
Mo, H.J., McGaugh, S.S., Bothun, G.D. 1994, MNRAS,

267, 129
Norman, C.A., Spaans, M. 1997, ApJ, 480, 145
Norris, J.E., Peterson, R.C., Beers, T.C. 1993, ApJ, 415,

797
O’Neil, K., Bothun, G.D., Cornell, M.E. 1997, AJ, 113,

1212
Patterson, R.J., Thuan, T.X. 1996, ApJSup, 107, 103
Pickering, T.E., Impey, C., in preparation
Quillen, A.C., Pickering, T.E. 1997, preprint astro-

ph/9705115
Skillman, E.D., Bothun, G.D., Murray, M.A., Warmels,

R.H. 1987 A&A, 185, 61
Spaans, M., Carollo, C.M. 1997, ApJLet, 482, 93
Szomoru, A. 1995, PhD thesis, University of Groningen
Taylor, C.L. 1997, ApJ, 480, 524
Taylor, C.L., Brinks, E., Pogge, R.W., Skillman, E.D.

1994, AJ, 107, 971
Telles, E., Terlevich, R. 1997, MNRAS, 286, 183
Thuan, T.X., Martin, G.E. 1981, ApJ, 247, 823
van Gorkom, J.H., Cornwell, T., van Albada, T.S., San-

cisi, R. trad., in preparation
Weinberg, D.H., Szomoru, A., Guhathakurta, P., van

Gorkom, J.H. 1991, ApJLet, 372, 13
Zwaan, M.A., Briggs, F.H., Sprayberry, D., Sorar, E.

1997, ApJ, in press



Abstracts Of Other Refereed Papers

“Star formation thresholds in Low Surface Brightness galaxies.”
van der Hulst, J.M., Skillman, E.D., Smith, T.R., Bothun, G.D., McGaugh, S.S., de Blok,
W.J.G. 1993, AJ, 106, 548.
Low Surface Brightness (LSB) galaxies appear to have low star formation rates despite their of-
ten quite normal H I contents as judged from global H I properties such as MHI=L and MHI=MT
ratios. H I imaging with the VLA of the National Radio Astronomy Observatory of eight LSB
galaxies shows that the H I is extended compared with the optical size and has average surface
densities which are about a factor 2 lower than in High Surface Brightness (HSB) galaxies of the
same type. The resolution of the H I imaging allows a rough rotation curve analysis for eval-
uating the critical density for star formation as formulated by Kennicutt (1989). The observed
H I surface densities systematically fall below this critical density for most of the galaxies in
this sample, in agreement with the low current star formation rates. From the optical surface
photometry we conclude that the galaxies studied are in general late-type galaxies dominated
by an exponential disk with a typical scale length of a few kpc. The B� R and V � I colors of
the LSB galaxies are a few tenths of a magnitude bluer than those of HSB galaxies indicating
that the disks of these galaxies have a mean young age.

“The Tully-Fisher relation for low surface brightness galaxies: implications for galaxy evolution”
Zwaan, M.A., van der Hulst, J.M., de Blok, W.J.G., McGaugh, S.S. 1995, MNRAS, 273, 35
We present the B-band Tully-Fisher relation for low surface brightness (LSB) galaxies. These
LSB galaxies follow the same Tully-Fisher relation as normal spiral galaxies. This implies that
the mass-to-light ratio (M=L) of LSB galaxies is typically a factor of 2 larger than that of normal
galaxies of the same total luminosity and morphological type. Since the dynamical mass of
a galaxy is related to the rotational velocity and scalelength via M / V2h, at fixed linewidth
LSB galaxies must be twice as large as normal galaxies. This is confirmed by examining the
relation between scalelength and linewidth for LSB and normal galaxies. The universal nature
of the Tully-Fisher relation can be understood if LSB galaxies are galaxies with low mass surface
density, sigma. The mass surface density apparently controls the luminosity evolution of a
galaxy in such a way as to keep the product �M=L constant.

“Dynamical Stability and Environmental Influences in Low Surface Brightness Disk Galaxies”
Mihos, J.C., McGaugh, S.S., de Blok, W.J.G. 1997, ApJLet, 477, 79
Using analytic stability criteria we demonstrate that, because of their low surface mass density
and large dark matter content, low surface brightness (LSB) disks are quite stable against the
growth of global nonaxisymmetric modes such as bars. However, depending on their (poorly
constrained) stellar velocity dispersions, they may be only marginally stable against local in-
stabilities. We simulate a collision between an LSB and a high surface brightness (HSB) galaxy
and find that, while the HSB galaxy forms a strong bar, the response of the LSB disk is milder,
manifesting weaker rings and spiral features. The lack of sufficient disk self-gravity to amplify
dynamical instabilities naturally explains the rarity of bars in LSB disks. The stability of LSB
disks may also inhibit interaction-driven gas inflow and starburst activity in these galaxies.
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“Gas Mass Fractions and the Evolution of Spiral Galaxies”
McGaugh, S.S., de Blok, W.J.G. 1997, ApJ, 481, 689
We show that the gas mass fraction of spiral galaxies is strongly correlated with luminosity and
surface brightness. It is not correlated with linear size. Gas fraction varies with luminosity and
surface brightness at the same rate, indicating evolution at fixed size. Dim galaxies are clearly
less evolved than bright ones, having consumed only � 1

2 of their gas. This resolves the gas
consumption paradox, since there exist many galaxies with large gas reservoirs. These gas-rich
galaxies must have formed the bulk of their stellar populations in the last half of a Hubble time.
The existence of such immature galaxies at z = 0 indicates that either galaxy formation is a
lengthy or even ongoing process, or the onset of significant star formation can be delayed for
arbitrary periods in tenuous gas disks.
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