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1
Introduction

THE night-sky is never black. Scattered sun-
light, air-glow, street lights, faint galactic and

extra-galactic stellar light all illuminate the firma-
ment. This photon pollution acts as a filter which
only allows us to see a part of the extra-galactic
menagerie.

In more practical terms, selection effects caused
by the brightness of the night-sky have made as-
tronomers only give attention to those galaxies
that were most easily observed. The underlying
reason for these selection effects is that galaxy cat-
alogs are usually created using certain isophotal
diameter and/or magnitude limits (with an ad-
ditional implicit surface brightness limit). The
brightness of the night-sky ensures that galax-
ies of a certain fixed luminosity look largest,
and are thus most easily seen, if their central
surface brightness has some intermediate “opti-
mum” value. If they have higher surface bright-
nesses they look too compact and resemble stars;
with lower surface brightnesses they are difficult
to distinguish from the night-sky.

Diameter or magnitude limited catalogs thus
mainly contain galaxies with a narrow range in
central surface brightnesses. They will be biased
and incomplete for galaxies with central surface
brightnesses other than the “optimum” value.
Conclusions derived from studies based on these
catalogs are therefore not necessarily applicable to
the galaxy population as a whole.

This thesis describes the properties and evolu-
tion of a class of galaxies that has until recently
been very much overlooked because of selection
effects. These are the “Low Surface Brightness (LSB)
galaxies.” Although the definition for the term
“low surface brightness” is rather vague, I use it to
refer to disk galaxies with central surface bright-
nesses a few magnitudes fainter than those of
galaxies commonly found in diameter or magni-
tude limited catalogs (the latter galaxies are called
“High Surface Brightness [HSB] galaxies”). In prac-

tice this means disk galaxies with central surface
brightnesses fainter than 23 mag arcsec�2 in the
B-band. I furthermore restrict myself to galaxies
with luminosities brighter than MB =�15.

The first part of this thesis deals with the opti-
cal properties, the star formation history, photo-
metric and chemical evolution, and the properties
of the interstellar medium of these LSB galaxies.
The second part focuses on their neutral hydro-
gen content, dynamics, and dark halos. In this In-
troduction I will first give an example of the dra-
matic influence of selection effects, followed by a
short history of LSB galaxy research. I will end
this Introduction with an outline of this thesis. In
writing this Introduction I have relied for a large
part on the reviews by Impey & Bothun (1997)
and Bothun, Impey & McGaugh (1997) and a sum-
mary of a talk by O’Neill (priv. comm.).

1.1 Selection Effects

The best way to get a feeling for the severity of
selection effects is by discussing a practical exam-
ple. Following Bothun et al. (1997) I will show the
influence selection effects have on five different
types of model galaxies, which more or less span
the currently known range in structural proper-
ties of disk galaxies. All five types are assumed
to be pure exponential disks, with central sur-
face brightnesses and scale lengths as given in Ta-
ble 1.1. Four of these galaxies (A, B, C and D) have
identical luminosities MB =�21. The fifth one, E,
is equal in size to galaxy B, but 2.5 mag or a fac-
tor of 10 fainter. It is furthermore assumed that
all five types are spread through space homoge-
neously and in equal numbers. That is, in each
volume element there are as many galaxies of type
E as, e.g., of type B.

We will now “observe” these galaxies and cre-
ate a diameter-limited catalog. The condition for
inclusion in the catalog will be that the diame-
ter of the 25 mag arcsec�2 isophote D25 must be
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18 CHAPTER 1 INTRODUCTION

TABLE 1.1— Selection effects

Type MB h �0 Dmax frac.
(1) (2) (3) (4) (5) (6)
A –21.0 0.5 16.0 60 0.09 compact HSB
B –21.0 5.0 21.0 125 0.72 normal HSB
C –21.0 25.0 24.5 76 0.18 big LSB
D –21.0 50.0 26.0 — 0.00 giant LSB
E –18.5 5.0 23.5 30 0.01 normal LSB

(1) Type of galaxy. (2) Absolute magnitude. (3) Scale length
in kpc. (4) Central surface brightness in mag arcsec�2. (5)
Maximum distance in Mpc where galaxy is included in catalog.
(6) Fraction of cataloged galaxies that will be of this type.

larger than 1 arcmin. It is obvious that galax-
ies at large distances will look smaller than those
nearby. Therefore, as we examine each type of
galaxy and move it to larger and larger distances,
its D25 will at one point become less than 1 ar-
cmin, and consequently it will no longer be in-
cluded in the catalog. The distances where galax-
ies of a certain type drop out of the catalog are
given in Table 1.1: galaxy A will drop out of the
sample at 60 Mpc; galaxy B will be in the sam-
ple out to distances of 125 Mpc; galaxy C will be
cataloged out to 76 Mpc. For galaxy D D25 is not
defined, and it will never be taken up in the cat-
alog. Finally, galaxy E will be seen only out to
30 Mpc. In reality galaxies of type B correspond
to normal HSB galaxies, while type E represents
typical LSB galaxies. Type C is a big LSB galaxy.
Types A and D are in practice rare. Cataloged
HSB galaxies (like B) occupy a much larger vol-
ume of space than cataloged LSB galaxies (like E).
The latter ones are only detected in a volume 72
times smaller. Assuming that all types of galaxies
are spread equally through space, the respective
volumes cataloged galaxies occupy, show that the
catalog will be severely dominated by HSB galax-
ies of type B and will lead to the conclusion that al-
most three-quarters of the total galaxy population
consists of type B. Only an apparently insignifi-
cant 1 per cent of the galaxies in the catalog is of
type E. Furthermore, we would not even know
that giant galaxies, like type D, existed. On the ba-
sis of these results we would conclude that three-
quarters of the observed galaxy population had a
constant central surface brightness.

To correct for these effects we must therefore re-
alize that every LSB galaxy that is cataloged, rep-
resents a large number of uncataloged LSB galax-
ies. This means that we must assign to every
galaxy a weight inversely proportional to the vol-
ume in which it is included in the catalog. Hence,
if we try to reconstruct the true galaxy popula-

tion from this diameter-limited catalog, every LSB
galaxy of type E must receive a weight 72 times
larger than a galaxy of type B. Note though that
we still would not be able to say anything about
type D. These volume-correction factors are the
crucial link in a long chain of arguments and ob-
servations that led to the realization of the impor-
tance of the LSB population. To understand this
chain, first some history.

1.2 The (Pre-)History of LSB Galaxies
One of the first descriptions of selection effects in
an extra-galactic context is given in Hubble (1936).
Hubble noted that intrinsically faint galaxies will
be detectable to much smaller distances than in-
trinsically bright galaxies and are consequently
distributed through a much smaller volume of
space. Thus “intrinsically bright nebulæ greatly
outnumber the faint ones among nebulæ with a
given apparent luminosity.”

In 1938 Harlow Shapley announced the discov-
ery (Shapley 1938) of two of these intrinsically
faint galaxies. The Fornax and Sculptor dwarf
galaxies both are galaxies with low intrinsic lumi-
nosities and low surface brightnesses. However,
these galaxies were regarded as exceptional, and
most of the research was directed towards “nor-
mal” galaxies.

Reaves (1956), Zwicky (1957), and Arp (1965)
all mentioned the possibility that the limits im-
posed by the night-sky affected our view of the
galaxy population. Arp went as far as showing
that most galaxies occupied only a very narrow
strip in a luminosity-diameter diagram; implicitly
this means that these galaxies have almost identi-
cal surface brightnesses.

This last conclusion was also derived by Free-
man (1970) who noted that 28 galaxies out of his
sample of 36 had disks with central surface bright-
nesses in the range �B

0 = 21:65� 0:3 mag arcsec�2.
Taken at face-value, this result had important im-
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plications for theories of galaxy structure and evo-
lution. Freeman’s Law (as it became known) re-
quires that either all galaxies have identical mass
surface densities coupled with just a small spread
in their mass-to-light ratios, or that star forma-
tion history, age, angular momentum and mass
all conspire to produce a constant central surface
brightness

The Law was therefore much debated in the fol-
lowing years. Many studies (e.g. van der Kruit
1987, Bosma & Freeman 1993) yielded results that
seemed to support Freeman’s Law. Various alter-
native explanations were also offered: Kormendy
(1977) stated that Freeman’s law was an artifact
of the bulge-disk decomposition method, while
Boroson (1981) used dust and optical depth effects
to show that these could result in relatively con-
stant disk surface brightnesses.

Disney (1976) showed that selection effects (as
described in Sect. 1.1) could cause Freeman’s Law,
and suggested that there might be many galaxies
of both high and low surface brightness (“crouch-
ing giants”) hidden below the night-sky. Allen &
Shu (1979) later suggested that the high surface
brightness cut-off of Freeman’s Law was proba-
bly real. There are not many compact HSB galax-
ies missing from our catalogs. This still left open
the possibility of a large LSB population. Disney
& Phillipps (1983), further developed the formal-
ism to describe selection effects (see also Phillips
& Disney 1985, Davies 1990).

Romanishin et al. (1982) had already published
results of an early investigation into LSB galaxies,
but the discovery in 1987 of the giant LSB galaxy
Malin-1 (Bothun et al. 1987) really put LSB galax-
ies in the limelight. This extremely large and mas-
sive LSB galaxy was discovered accidentally dur-
ing a survey for small LSB galaxies in the Virgo
cluster (Impey, Bothun & Malin 1988). Malin-1 has
a central disk surface brightness 4 mag arcsec�2

fainter than Freeman’s value, yet it has a scale
length of tens of kpc, a luminosity MB '�22 and
an H I mass of slightly less than 1011 M� . This did
show for once and for all that LSB galaxies were
not necessarily small and faint dwarf galaxies.

Meanwhile searches for LSB galaxies in the For-
nax cluster or the South Galactic Pole continued
(Phillipps et al. 1987; Schwartzenberg et al. 1995).
Davies, Phillipps & Disney (1988) found the most
LSB galaxy known so far: GP1444 has a central
surface brightness of 26.4 in the R-band.

Schombert & Bothun (1988) and Schombert et
al. (1992) started looking for for LSB galaxies
in the field using the new Palomar Sky Survey
plates. They found most of the field LSB galaxies

FIGURE 1.1— The number density of galaxies plotted versus
central surface brightness. There is a large excess of galaxies at
the LSB side of Freeman’s value. From McGaugh, Schombert
& Bothun (1995).

to be late-type and hydrogen-rich. Impey and his
collaborators (Impey et al. 1996; Sprayberry et al.
1995b) used scans of UK-Schmidt plates and pub-
lished the largest LSB redshift catalog to date. De
Jong (1995) investigated the surface brightnesses
of a sample of spiral galaxies from the UGC cata-
log, and found that Freeman’s Law did not even
hold for HSB galaxies. McGaugh, Schombert &
Bothun (1995) and McGaugh (1996) used many of
these results to derive a selection-effects-corrected
surface brightness distribution. They found that
the number of galaxies in each surface brightness
bin faintwards of the Freeman-value, remained
approximately constant (see Fig. 1.1). The space
density of LSB galaxies at �0 = 23 is approxi-
mately 105 times higher than predicted by Free-
man’s law (see also Dalcanton et al. 1997). De-
pending on what assumptions are made, LSB
galaxies may make up 30 to 50 percent of the total
galaxy population1.

1.3 The Properties of LSB Galaxies
In studies which were ahead of their time, Roman-
ishin et al. (1982) and Longmore et al. (1982) inves-
tigated the H I content of a number of LSB galaxies
and concluded that these were more gas-rich than
HSB galaxies. When results from the searches de-
scribed in the previous section started coming in,
more people started investigating at the proper-
ties of individual LSB galaxies.

Van der Hulst et al. (1993) showed that LSB
galaxies were low surface brightness because their

1This number only applies for LSB galaxies with values of
25 < �0(B) < 23. It is not known how many LSB galaxies of
even lower surface brightnesses there are, but if present they
will only increase the contribution of LSB galaxies.
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gas surface densities were well below the criti-
cal threshold density for star formation, as devel-
oped by Kennicutt (1989) and Quirk (1972). LSB
galaxies thus had to have very low star formation
rates, as was confirmed from H� imaging (Mc-
Gaugh 1992). Bothun et al. (1993) and Mo, Mc-
Gaugh & Bothun (1994) concluded that LSB galax-
ies, although following the large scale structure
of galaxies, were locally more isolated than other
galaxies.

A number of studies investigated the colors
of LSB galaxies and found that they were bluer
than normal late-type galaxies (McGaugh 1992;
Knezek 1993; Rönnback 1993; McGaugh & Bothun
1994; de Blok, van der Hulst & Bothun 1995;
Sprayberry et al. 1995b). Combined with the
low metallicities found in H II regions (McGaugh
1992, 1994; de Blok & van der Hulst 1997) this re-
sulted in a picture of LSB galaxies forming stars
only sporadically. This ruled out the notion of
LSB galaxies being “faded disks”. In that picture
LSB galaxies were thought to be normal galaxies
which had stopped forming stars and were now
fading away. Instead, LSB galaxies were now in-
ferred to be slowly evolving with an underde-
veloped old population. The contrast of the few
young stars with the old background population,
or in other words, the rate of current star forma-
tion rate and average past star formation rate is
much higher than in normal HSB late-type galax-
ies. A small amount of recent star formation (as
observed) is already enough to make the colors
significantly bluer.

Synthesis observation in the neutral hydrogen
21-cm line (van der Hulst et al. 1993; de Blok,
McGaugh & van der Hulst 1996) confirmed this
unevolved picture: LSB galaxies have extended
gas disks with low gas surface densities, and high
MHI=L ratios. Despite the low surface densities
the gas component is usually dynamically more
important than the stellar component.

Zwaan et al. (1995) and Sprayberry et al. (1995a)
found LSB galaxies to be lying on the same Tully-
Fisher relation as HSB galaxies. This required a
subtle interplay between the central luminosity
surface density Σ0 and the total mass-to-light ratio
M=L. As the Tully-Fisher relation can be written
as L(Σ0[M=L]) /V4, the product Σ0(M=L) must be
constant for all galaxies on the Tully-Fisher rela-
tion. LSB galaxies must have higher mass-to-light
ratios than normal galaxies.

The rotation curves of LSB galaxies showed that
this was the case (de Blok et al. 1996, de Blok
& McGaugh 1997). LSB galaxies are dark mat-
ter dominated almost all the way into their cen-

ters. The rotation curves were observed to rise
less steeply than those of HSB galaxies. The halos
of LSB galaxies seem to be of lower density than
those of HSB galaxies. LSB galaxies may be low
density systems in all respects.

The large dark matter dominance makes the
stellar disks of LSB galaxies extremely stable,
making it possible for the disk to exist at such low
surface densities. These do however make star
formation difficult, hence the low enrichment of
the interstellar medium. These low metallicities
in turn make cooling difficult, so that a molecu-
lar component, where stars are generally formed,
is difficult to realize (Gerritsen & de Blok 1997).
LSB galaxies can almost be said to be trapped in
their current evolutionary state. Even external
influences might not be enough to significantly
speed up the evolution of LSB galaxies. Mihos,
McGaugh & de Blok (1997) show that under an
interaction LSB galaxies behave differently from
HSB galaxies. For example, gas flows towards the
center which normally fuel a burst of star forma-
tion in these encounters do not seem to occur.

1.4 Why Do We Care?

The single most important reason for studying
LSB galaxies is, to quote Bothun et al. (1997), that
“no representative sample of nearby galaxies has
yet been compiled, cataloged and investigated”. If
a large population of hitherto unseen objects ex-
ists, the true extent of galaxy properties may be
much larger than assumed.

Furthermore, investigations of individual LSB
galaxies, as described in this thesis, show that LSB
galaxies form an alternative track of galaxy evo-
lution, free from the instabilities and interactions
that have shaped the Hubble sequence. They may
therefore be better indicators for the processes
of galaxy formation and evolution than the HSB
galaxies.

1.5 Outline

This thesis presents the results of a systematic pro-
gram to use multicolor surface photometry, spec-
trophotometry and H I and CO observations of a
sample of LSB galaxies, to determine the distribu-
tions of light, color, H II-, H I-, and mass surface
density, and elemental abundances, with the ulti-
mate goal to unravel the evolutionary history of
LSB galaxies.

The first part of this thesis (Chapters 2–6) deals
with star formation and the interstellar medium
in LSB galaxies.
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Chapter 2 describes the structural properties
and the optical colors of a sample of 21 LSB galax-
ies. It also makes a first attempt at deriving a plau-
sible star formation history for LSB galaxies, able
to explain the blue colors and low metallicities.

Chapter 3 goes in much more detail on this
subject, and uses sophisticated photometric and
chemical evolution modeling to derive a star for-
mation history. The conclusion is that LSB galax-
ies evolve at a much lower rate and are still in
an early evolutionary state. The colors are dom-
inated by small amounts of recent star formation.

Chapter 4 describes measurements of the oxy-
gen abundances in H II regions of LSB galaxies.
The metallicities found are low, typically less than
one-third solar.

Chapter 5 presents deep observations in the CO
line of four selected regions in three LSB galaxies.
An attempt was made to probe CO in various en-
vironments. No emission was detected, leading to
upper limits of the molecular hydrogen content of
only a few per cent of the neutral hydrogen con-
tent.

Chapter 6 ties together various threads from the
preceding chapters, and gives a possible explana-
tion of why LSB galaxies are blue, thin and poor
in molecular gas. It uses an N-body model, which
includes a novel recipe to model star formation.
As described above, LSB galaxies are thin because
of their dominant halos; this stabilizes the disk
to a very large extent, so that collapse of molec-
ular clouds becomes difficult, as a result the en-
richment of the interstellar medium remains very
low, making cooling difficult. This in turn ham-
pers star formation even further, thus trapping
LSB galaxies in their current state.

The second part of this thesis (Chapters 7–9) de-
scribes the darker side of LSB galaxies. In Chapter
7 a comparison between a HSB and a LSB galaxy
at identical positions on the Tully-Fisher relation
is made. It shows that LSB galaxies should have
higher total mass-to-light ratios, and furthermore
suggests that LSB galaxies are galaxies with lower
total mass densities.

Chapter 8 presents H I synthesis observations
of a number of LSB galaxies, showing that LSB
galaxies are gas-rich, and increasingly so towards
lower surface brightnesses. Furthermore the total
mass-to-light ratio is shown to increase towards
lower surface brightnesses. The rotation curves
of LSB galaxies are much shallower than those
of HSB galaxies of comparable maximum rotation
velocity.

Chapter 9 contains a more detailed analysis of
the rotation curves. It shows that the stellar com-

ponent is in many cases the least significant com-
ponent. The gas component is usually dynami-
cally more important. However, at almost all radii
the dark matter dominates. Maximum disk as-
sumptions are shown to be incompatible with all
other observational evidence. When less extreme
assumptions about the stellar mass-to-light ratio
are made, it can be shown that it is likely that the
halos of LSB galaxies are also of lower density and
more extended than those of HSB galaxies of sim-
ilar maximum rotation speed.

Chapters 10 and 11 conclude this thesis with
some discussion and speculation. Chapter 10 con-
tains a short description of the strong test which
LSB galaxies provide for the Cold Dark Matter
theory.

Finally in Chapter 11 I discuss the principle of
phase-transition of the interstellar medium which
may provide an explanation for the properties
and evolution of LSB galaxies
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Rönnback J. 1993, PhD thesis, University of Uppsala
Romanishin, W., Krumm, N., Salpeter, E., Knapp, G.,

Strom, K.M., Strom, S.E. 1982, ApJ, 263, 94
Schombert, J.M., Bothun, G.D. 1988, AJ, 95, 1389
Schombert, J.M., Bothun, G.D., Schneider, S.E., Mc-

Gaugh, S.S. 1992, AJ, 103, 1107
Schwartzenberg, J.M., Phillips, S., Smith, R.M., Couch,

W.J., Boyle, B.J. 1995, MNRAS, 275, 121
Shapley, H. 1938, Nature, 142, 715
Sprayberry, D., Bernstein, G.M., Impey, C.D., Bothun,

G.D. 1995, ApJ, 438, 72
Sprayberry, D., Impey, C.D., Bothun, G.D., Irwin, M.

1995, AJ, 109, 558
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

van der Kruit, P.C. 1987, A&A, 173, 59
Zwaan, M.A., van der Hulst, J.M., de Blok, W.J.G., Mc-

Gaugh, S.S. 1995, MNRAS, 273, L35
Zwicky, F. 1957, in Morphological Astronomy, New York:

Springer Verlag


