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Chapter 1

Introduction

This thesis deals with two of the spheroidal components of spiral galaxies: The bulge

and the dark halo|their structure and relevance to the process of galaxy formation. In

this Introduction we try to de�ne these two entities, give a brief overview of the relevant

research and describe their status in the picture that astronomers have for spiral galaxies.

At the end of each Section, we give a brief outline of the relevant chapter(s) of this thesis.

1 Bulges of spirals

1.1 Overview

bulge, n. | A swelling (Roget's Dictionary)

Looking at the picture of the edge-on spiral NGC 4565 on the following page, one can

distinguish, at �rst glance, two major components: the disk and the bulge. The disk, in

this case, is outlined by the very prominent dust lanes that cause the dark rift along the

edge of the galaxy. The bulge|so named because, simply, it bulges out of the disk|is the

smooth spheroidal system in the center. In the past, this structure was often referred to

as `the nucleus' (e.g. Hubble 1936); this term has now come to describe the very central

region of the bulge. It has also been called `the spheroid'. This otherwise elegant word

was used when the bulge was thought to be just the inward continuation of the luminous

stellar halo and the term `spheroid' included both of these systems. This term is now

largely abandoned, once the signi�cant di�erences between the bulge and the halo were

realized.

Although it can be misleading and often counter-productive, it is nevertheless useful

to give a working de�nition for the system under study. One can de�ne the bulge as a

attened spheroidal system of stars in the center of spiral galaxies�. Typically this should

also include the interstellar matter (ISM) enclosed in this region, but this is usually assigned

to the disk; in this thesis the ISM in the bulge is not dealt with. The total luminosity

�The absence of any reference to age, metallicity or kinematics of the bulge stars in this de�nition is
deliberate|the existence of a separate \bulge" or \nucleus" was acknowledged long before anything was
known about these parameters, and was almost entirely based on geometry.
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Figure 1: The Sb spiral NGC 4565 from the Hubble Atlas of Galaxies. The bulge, despite its

small size, is very prominent in the center of the disk.

of the bulge varies greatly from galaxy to galaxy, ranging from a few percent of that of

the disk that surrounds it, up to 2 or 3 times the luminosity of the disk. This so-called

bulge-to-disk ratio along with a few other criteria, are the basis of the galaxy classi�cation

scheme devised by E. Hubble and described in his book The Realm of the Nebulae.

Why are we interested in the bulge? It is a major|sometimes even dominant|

component of spiral galaxies. The study of the bulge can give important evidence on

the formation and evolution of these objects, or, in other words, about the past, present

and future of one of the basic building blocks of the Universe. The reasons for this will
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hopefully become obvious in the next few paragraphs.

Bulges are, by de�nition, dense and bright objects, and at �rst one would assume

that their study would be an easy task. But because they are surrounded by stellar

and gaseous|and in many cases heavily obscuring|disks, the task is more di�cult than

expected. The rather frustrating result is that after more than 50 years of observations

some fundamental questions still remain unanswered. Following Ivan King in his review

talk at IAU Symp. 153, there are four general questions that we can ask about the bulge,

or, for that matter, about any stellar system: What is there, how it moves, how it is

distributed and how it got that way. We will briey address each one in turn.

Based on studies of the bulge of the Milky Way and those of nearby galaxies such as

M31, it is believed that today we have a pretty good idea of the stellar populations that

comprise the bulk of the stars in bulges. The question was �rst addressed by Baade (1944)

in his classical study where he introduced the concept of Stellar Populations. By observing

red giants in the bulge of M31 he concluded that it consists mainly of old and metal poor

stars, much like the ones in the halo and the halo globular clusters. This picture, despite

being called `classical' some times, was not entirely correct. Thirteen years later Morgan &

Mayall (1957) found that the spectra of bulges were like those of solar type stars; Spinrad

(1966) even spoke about super-metal rich bulges. The current ideas about populations and

metallicity (Rich 1992, Minniti et al. 1995, Jablonka et al. 1996) actually include all of

the above; the bulge stars have a very wide range in metallicity and the main population

tracers in regions like Baade's window are K and M giants, OH/IR stars and Mira variables.

Up to now, �rm age limits have been found for the bulge of the Milky Way (Ortolani et

al. 1994) and M31 (Jablonka 1997). The stars in these bulges were found to be about 10

Gyrs old; at least for these two galaxies, the bulge is among the oldest components. As far

as the stellar kinematics are concerned, bulges as a rule are fast rotators and the very few

relevant studies (Kormendy & Illingworth 1982, Kent 1992) show that in general they are

consistent with models of isotropic oblate spheroids.

Regarding the distribution of stars in the bulge, with the exception of the Milky Way,

we can only measure the bulge projected density, or surface brightness. To do this reliably,

one must be able to isolate the bulge light from that of the disk, a process that is known as

bulge-disk decomposition. But because we don't know beforehand the light distributions

of these two components at all radii, the problem is often degenerate. This means simply

that the total light pro�le of the galaxy can be satisfactorily described by the sum of more

than one pair of functions for the bulge + disk system.

The �rst attempt to decompose bulge and disk was made by G. de Vaucouleurs (1958)

for M31. Figure 2 is a reproduction from the original publication of the procedure he

followed. He assumed that the disk surface brightness is constant inside the central 30'

and subtracted this constant value from the total light pro�le to retrieve the bulge light.

The resulting pro�le followed the r1=4 law which de Vaucouleurs had found to describe the

pro�les of elliptical galaxies (de Vaucouleurs 1948). Since then, modeling of the bulge as

an r1=4 spheroid became standard practice (Kormendy 1977, Boroson 1981, Simien & de

Vaucouleurs 1986). This view of the bulge morphology, a very old, r1=4 oblate spheroid

similar to elliptical galaxies dominated until the early 80's and was consistent with the

then dominant galaxy formation theory, the ELS scenario (Eggen, Lynden-Bell & Sandage
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1962). This brings us to the last of the questions posed previously, namely the formation

mechanism of the bulge.

This is the subject on which we know
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Figure 2: The original bulge-disk decomposi-

tion by G. de Vaucouleurs, with some of the la-

bels redrawn for clarity. The at part B" was

taken to represent the disk in the central 30'.

The inset plot shows the remaining disk after

subtraction of the r1=4 bulge.

the least; at the same time it is also the

most important, since it is essentially an-

other way of posing the question of how

galaxies formed. According to ELS, galax-

ies formed from the rapid monolithic col-

lapse of an overdensity region in the ex-

panding Universe. The lowest angular mo-

mentum gas fell into the center and formed

the bulge; fast star formation and subse-

quent enrichment can explain the bulge metal-

licity. The high angular momentum gas col-

lapsed later and formed the disk. In this

scenario, the bulge is essentially the old-

est component of a spiral galaxy; within

this context, it is called the `old-bulge' sce-

nario. The ideas of Searle & Zinn (1978)

and Toomre (1977) about chaotic collapse

of protogalactic fragments and the impor-

tance of mergers respectively, showed that

there are more ways to build galaxies, other

than monolithic dissipational collapse. Ob-

servations of the stellar kinematics and metallicity of the Milky Way halo suggest that at

least a part of it has probably formed by accretion of sub-galactic units (Majewski 1992,

Carney 1993). It has also been shown that elliptical galaxies can be formed by merging of

two spirals (Barnes 1988). These facts gave rise to modern galaxy formation scenarios, such

as those of Kau�mann et al. (1993) and Baugh et al. (1996), where galaxies are formed via

hierarchical merging of dark halos, and their morphology is determined by the availability

of gas that can form a disk. Within these scenarios, the bulge is again formed early in

the history of the galaxy by merging of two stellar disks, and is in e�ect a disk-equipped

elliptical galaxy.

These `early bulge' scenarios are opposed by some radically di�erent ideas developed

in the early '80's, prompted by the results of N-body simulations. Combes & Sanders

(1981) �rst demonstrated that the vertical thickening of a stellar bar can produce a bulge-

like object in the center of the disk. This conclusion was later con�rmed and re�ned by

Hasan, Pfenniger & Norman (1993) and this mechanism is now established as a plausible

bulge formation scenarioy. In general, however, the bulges produced by this mechanism are

small compared to the disk; multiple minor accretion events were proposed as a possible

mechanism to account for the formation of the big bulges of early type spirals.

At around the same time, the �rst indications of bulges having characteristics unac-

yThis scenario is often called the `secular evolution' origin of bulges, or `late bulge'.
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counted for by the `old bulge' picture emerged. Not all bulges are oblate spheroids; a

signi�cant percentage (20-30%) (Shaw 1987) are box-or peanut-shaped and triaxiality has

also been observed (Bertola et al. 1991). The deprojected density of some bulges, includ-

ing that of the Milky Way is bar-like or triaxial (Dwek et al. 1995). Some bulges are not

`hot' systems but `cold', with velocity dispersions being closer to those of disks (Kormendy

1992). A number of bulges have colors similar to disks (Balcells & Peletier 1994) and some-

times spiral structure, traditionally attributed to the disk, continues well into the bulge

(Kormendy 1992). Finally, it was realized that not all bulges follow the r1=4 law in their

light pro�le. The bulge of the Milky Way has an exponential pro�le outside 300 pc (Frogel

1988, Kent, Dame & Fazio 1991); the bulge of NGC 4565 (Fig. 1) is also exponential

(Frankston & Schild 1976) and deviations from the r1=4 pro�le have been observed in other

galaxies (e.g. Wainscoat et al. 1989). Slowly, the idea emerged that perhaps not all bulges

had formed in the same way and that some, or even most bulges have formed after the

disk, by those dynamical processes found in N-body simulations, such as bar thickening or

accretion. The correlation between bulge and disk scalelengths found recently (Courteau

et al. 1996) was also interpreted in the same light. The �nal result is the existence of two

conicting theories about bulge formation: `early' and `late'.

This circle from the bulge surface brightness distribution to galaxy formation scenarios

and then back again to the bulge surface brightness serves to show the degree to which these

subjects are connected. We want to understand how galaxies formed; a key question related

to this is the bulge formation epoch and mechanism. The objective of this thesis is to �nd

clues about the origin and the formation epoch of the bulge through a consistent description

of the surface brightness pro�le and the analysis of any systematic trends therein.

For this purpose, di�erent decomposition methods are employed, using both optical

and near-infrared data. The results allow some conclusions to be drawn regarding the

formation epoch of the bulge, and these conclusions are subsequently evaluated through

the use of N-body simulations.

1.2 Observations and analysis of bulge surface brightness distri-

bution: Outline

In Chapter 2, optical surface brightness data from the literature are used to decide whether

the bulges of late-type spirals are better described by an exponential instead of an r1=4 law.

The classical decomposition method of �tting bulge and disk models simultaneously to the

pro�le of the whole galaxy is used. For the �rst time the e�ects of seeing are taken into

account in this procedure, by convolving the function used to describe the bulge with

a Gaussian Point Spread Function of the appropriate width. The uncertainties in the

best-�tting model caused by the seeing are also considered by analyzing arti�cial pro�les.

Finally, the distributions and correlations of the bulge and disk parameters for each bulge

model are examined.

In Chapter 3 the bulges of a sample of 30 early type spirals are considered, using new

near-infrared (K-band) data. The signi�cant reduction of dust extinction, along with a

new 2-dimensional decomposition method that does not assume a priori certain surface



12 Chapter 1. Introduction

brightness laws for the bulge and disk, allows a much more detailed and reliable analysis.

The uncertainties introduced by the sky subtraction, the limiting magnitude and the de-

composition method itself are examined carefully using arti�cial 2-D galaxy images. The

bulge pro�les are described using Sersic's law; the use of this 3-parameter function allows

the shape of the light pro�le to be quanti�ed, and some rather strong trends to be detected.

Finally, in Chapter 4, collisionless numerical simulations are used in an e�ort to repro-

duce the trends observed in the analysis of Chapter 3. The simulations follow the classical

picture of bulge formation|a disk is grown slowly around an already formed bulge. This

produces some easily detectable e�ects on the bulge, which are then compared to the re-

sults of Chapter 3. The conclusions of this and the previous chapters will be presented in

the Summary of this thesis.

2 Dark matter halos of spirals

The idea that the Universe contains large quantities of dark matter|matter that does not

radiate in the observable electromagnetic spectrum|is very old and still remains perhaps

the most intriguing problem in Astronomy. In fact, at the time of writing of this thesis,

and according to the earliest documents that the author could �nd, the idea of spheroidal

dark matter halos around galaxies is exactly one century old. Based on proper motion

measurements of nearby stars, Newcomb (1897) suggested that if those are not runaway

stars, then there must be much more mass in the Universe than we can observe. D'Auria

(1897) postulated the existence of \a sphere of ether [...] that attracts matter by gravity

[...] containing all the stars of the visible Universe" to explain these proper motionsz. The

�rst really inuential evidence was found by Zwicky (1933), who calculated the total mass

of the Coma cluster by applying the virial theorem using the measured radial velocities

of the galaxies. Comparing the resulting total mass-to-light (M/L) ratio to the M/L

observed in nearby galaxies he found a discrepancy of the order of 50, in the sense that

within the cluster there was 50 times more mass than that which could be accounted

for by the luminous matter in galaxies. The problem remained at that point until the

beginning of the '70s, when Ostriker & Peebles (1973) showed that the existence of a

massive spheroidal dark halo was necessary in order to stabilize the stellar disk against bar

formation. At around the same time the �rst extended (single-dish) 21-cm rotation curves

became available, and Freeman (1970) pointed out that the rotation curves of M33 and

NGC300 did not decline beyond the end of the luminous matter; this implied the existence

of a roughly spherical dark matter halo encompassing the galaxy, with a total mass at least

as large as that of the visible galaxy. Analogous results were obtained by optical rotation

curves (Rubin & Ford 1970), although those were later explained without the need for dark

matter (Kalnajs 1983). The modern track was set by the �rst H I synthesis observations of

a sample of spirals by Bosma (1978) and continued by Begeman (1987) and Broeils (1992);

zThe `ether' mentioned here is the elusive medium through which electromagnetic radiation was thought
to propagate, and which was supposed to pervade all space|for the time, a very good dark matter
candidate indeed! The `Universe' of 1897 was what we would call today the Milky Way galaxy; the
existence of external galaxies was not acknowledged until 25 years later.
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it was found that the majority of the rotation curves of spirals do not show the expected

Keplerian decline beyond the edge of the visible galaxy but are at out to the furthermost

measured point. This result made it clear that, assuming Newtonian dynamics, a dark

matter halo is necessary to explain the rotation curves of spiral galaxies. The high-quality

data made it also possible to �t the observed rotation curves using mass models for the

various luminous components of the galaxies (bulge, stellar disk, gaseous disk) and hence

to draw conclusions about the distribution of the dark matter (van Albada et al. 1985).

The dark halo was successfully modeled as an isothermal sphere, whose total mass and

core radius could be adjusted to �t the observations.

In the meantime, simple analytical models were developed for the collapse of density

peaks in the early Universe that would eventually lead to the formation of galaxies (White

& Rees 1978). In these models the luminous (baryonic) matter is initially uniformly mixed

with the dissipationless dark matter, and a given density peak (a seed for galaxy formation)

is slowly rotating due to external tidal torques. The baryonic matter eventually dissipates

its energy and collapses to the center (`baryonic infall') where it spins up and forms the

visible galaxy. Note that there are two distinct events in this procedure: the gravitational

collapse and virialization of the density peak that includes all the mass of the galaxy and

essentially forms the dark halo; and the subsequent collapse of the dissipational matter to

the centerx. In the last few years the halo formation has been simulated numerically with

a high resolution (Dubinski & Carlberg 1991, Navarro et al. 1996). The initial conditions

used in these simulations are those of the Cold Dark Matter initial uctuation spectrum

(Blumenthal et al. 1984) that successfully predicts the observed large scale distribution of

matter. The halos resulting from the simulations, however, have a steep density gradient at

the center (with a singularity at r=0) instead of the constant density core needed to explain

the H I rotation curves. In principle it is possible to �t the rotation curves of luminous

spirals using these halos (Sanders & Begeman 1994), but this is not possible for the dark

matter dominated dwarf galaxies and Low Surface Brightness spirals (de Blok 1997). In

addition to that, the second infall event|the baryonic infall|would certainly change the

halo structure and introduce further complications.

Chapter 5 of this thesis deals exactly with this last question. We simulate the formation

of an exponential disk inside a singular halo, and study the e�ects that this has on the

shape and mass distribution of the halo, and on the �nal rotation curve of the galaxy. The

results allow us to draw conclusions about the plausibility of the proposed initial halo density

laws|and indeed are relevant to the plausibility of the CDM model itself.
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Chapter 2

Exponential bulges in late-type

spirals: A statistical approachy

In many cases the modeling of spiral galaxies by an exponential disk and an r1=4 law bulge

does not satisfactorily describe the mean radial distribution of light. This is most evident in

non-linear least-square �tting techniques in which the resulting e�ective radius and surface

brightness of the bulge are characterized by large uncertainties and are scattered over large

ranges, in sharp contrast to their disk counterparts. Here we have attempted to decompose

the major axis pro�les of 34 late type spirals in terms of an alternative model consisting of

an exponential disk and an exponential bulge, using seeing-convolved models. The results

of this decomposition show that this model is superior in the statistical aspects of the

�tting procedure, in the sense that the various goodness-of-�t indicators are better and the

residuals are smaller. The fact that it also con�nes the parameters of the bulge to a range

whose narrowness is comparable to that of the parameters of the disk, indicates that this

model has the potential to give a better and more consistent description of the bulges of

late type spirals.

1 Introduction

The question of decomposing the light distribution of disk galaxies into distinct compo-

nents has been often addressed, and several methods and models have been proposed for

this purpose (for an overview, see Simien, 1989). Most methods are based on assuming

beforehand the form of the light distribution of each component and then trying to �t the

sum of these forms to the observed light pro�les using various �tting algorithms. The way

that this general recipe is applied varies, both in terms of the exact mathematical form of

the functions and in terms of the algorithm.

The use of an exponential disk to describe the outer parts of spirals is a common feature

in all models (Freeman, 1970, Kormendy, 1977). The most commonly used model for the

bulge is the well{known de Vaucouleurs' r1=4 law (de Vaucouleurs, 1948) which gives a

reasonably good description of the luminosity pro�les of elliptical galaxies. Since the work

yY.C. Andredakis & R.H. Sanders, Mon. Not. R. Astron. Soc. 267, 283-296 (1994)
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of de Vaucouleurs (1958) on the bulge of M31, the r1=4 law has also been used extensively

in decompositions of spirals, despite the fact that, as the photometric data increase in

number and quality, signi�cant deviations from the r1=4 law are observed, especially in

edge{on galaxies (Kormendy & Bruzual 1978, Burstein 1979, Jensen & Thuan 1979, Shaw

& Gilmore 1989, Wainscoat et.al 1989). A supposed structural or evolutionary link between

ellipticals and the spheroidal parts of spirals is undoubtedly a motive (most often implicit)

for choosing the same �tting function, but for an objective interpretation of data such a

link should not necessarily be assumed. It is necessary to try alternative �tting functions

for the bulge, especially for the later types. This is supported by the great di�erences in

colors and color gradients between these bulges and elliptical galaxies or bulges of SO's

(Wirth & Shaw 1983; Balcells & Peletier 1993). Moreover, bulges often demonstrate disk{

like morphology and dynamics implying that their dynamical history has been a�ected by

the presence of the disk (Kormendy 1993 and references therein).

Alternative forms that have been considered are thick exponential disks (van der Kruit

and Searle 1981, Bahcall and Kyla�s 1985, Shaw and Gilmore, 1989) and exponential

spheroids. There has been observational evidence in support of the exponential spheroid

as a model of the light distribution of the non-thin-disk component. Star count results by

Pritchet (1983) and by Gilmore and Reid (1983) for the bulge of the Galaxy point toward

an exponential z{dependence. Kent et.al, (1991), using infrared photometry also show that

a pure exponential law �ts the inner points of the Galactic spheroid much better than the

r1=4 law.

The object of the present work is to apply the two{component decomposition scheme

on a sample of 34 late-type spirals in order to compare the standard r1=4 law for the bulge

with the alternative exponential form. We show that both in terms of the standard means

of evaluating the quality of the �ts and in terms of the physical implications of the results,

the exponential form is superior to the r1=4 form for the bulge.

The general structure of this paper is as follows: in Section 2, we give a brief description

and justi�cation of the sample of galaxies used. In Section 3 we discuss the decomposition

method and the various quantities which can serve as indicators of the goodness-of-�t. In

Section 4 we present the results obtained for each of the two models that we used, along

with an overall statistical comparison between them. In Section 5 we assess the reliability

of our algorithm by extracting the known parameters of synthetic photometric data. This

also leads to interesting conclusions on the ability of such methods to distinguish between

models. In Section 6 we examine and compare the characteristic best �t parameters of the

disks and the bulges derived by our proposed models. We also investigate various possible

correlations between disk and spheroid parameters and compare again to similar results

obtained by others. Section 7 contains a summary and discussion of our results.

2 Sample

The sample chosen is a set of 34 Sb and Sc spirals with r band photometry by Kent (1986).

These are �eld galaxies with distances ranging from 5.6 to 165 Mpc, but mostly between

20 and 70 Mpc (H0 = 50, adopted throughout). The only criterion for their selection
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was that their optical rotation curves had been measured by Rubin et al. (1985). This is

the principal reason we chose this medium size sample and not one of the larger available

sets containing 100 galaxies or more. The kinematical data can be used later to estimate

mass-to-light ratios of the various components and to calculate the distribution of dark

and visible matter within the galaxies. A second motivation for choosing this particular

sample is the homogeneity of the data: they were obtained at a single telescope, with the

same CCD, and were reduced in the same way. In any case, this is one of the largest sets

containing only Sb and Sc spirals.

The observations were originally made in the F bandpass and then reduced to the r

band of the Thuan & Gunn (1976) uvgr system. The photometry was not deep; for most

cases, it did not reach beyond 25 r mag/arcsec2 (about 26 Bmag/arcsec2).

The surface brightness pro�les of the galaxies were obtained by �tting ellipses to the

isophotes of the image (Kent 1986). For galaxies without prominent extra features (such

as bars, warps etc) this method gives a pro�le which is equivalent to a simple cut along the

axes, but with a much higher signal-to-noise ratio due to the number of points involved.

The mean surface brightness along the ellipse is then plotted against its major and its

minor axis lengths. Kent claims that the main source of errors is the uncertainty of the

background determination along with imperfect at-�elding of the images. He estimates

that at a level of 23.5 mag/arcsec2 errors of 0.1 mag are possible and overall they should

not be larger than 0.2 mag at �r = 24. Below, we see how various error distributions a�ect

the decomposition results.

3 Fitting method and goodness-of-�t indicators

The algorithm applied here is the straightforward non-linear �tting of both components

simultaneously to the observed light pro�le with respect to the parameters of the disk

and the bulge; i.e., the central and e�ective intensities and the characteristic lengths (4

parameters in total). An important aspect of the non - linear minimization algorithms

is their sensitivity to the initial values provided; in some cases \strange" initial guesses

are needed to bring the searching algorithm close enough to the global minimum in the

four-parameter space. For this reason, it was sometimes necessary to iterate on the initial

set by searching through a small grid.

3.1 Reduced chi-square and Goodness-of-�t

Here we use two statistical measures, the reduced �2 and the Goodness-of-Fit, in order to

assess the accuracy and overall success of a �t. The numerical value of the reduced �2 as a

criterion for the accuracy of decompositions was �rst introduced by Schombert & Bothun

(1987). Correlating the accuracy with which the input parameters were retrieved with the

corresponding values of the reduced �2, they set a \credibility limit" of 2.0. Above this

limit, the decomposition proved to be unreliable, at least for the error distribution they

assumed. Because of the sensitivity to errors we will here avoid the use of such \credibility

limits" in discussing our results.
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An better indication of the �t quality can be obtained by the use of the Goodness-of-Fit,

de�ned as:

Q =

Z 1

�2

Px(x
2)dx2 (1)

where

Px(x
2) =

(x2)1=2(��2)e�x
2=2

2�=2�(�=2)
(2)

is the probability distribution function for � degrees of freedom. Q expresses the probability

that a completely random set of data should have a �2 greater than the one found, and

hence should be as close to 1 as possible. The existence of this case-independent standard

and the fact that Q is an extremely rapidly decreasing function of �2 , make it a very

useful quantity for comparing theoretical models, giving a clearer image than the �2 test.

In general, a �t should be considered acceptable for values of Q greater than 0.001 (Press

et al., 1990), but it should be kept in mind that Q is also very sensitive to the errors

attributed to the data. For example, a change of the order of 0.05 mag/arcsec2 in the

errors of a surface brightness pro�le can decrease Q by several orders of magnitude. For

that reason, it should not be quoted as an absolute measure of whether a �t is good or not

unless the errors are known to a high accuracy.

3.2 Parameter errors and �tting residuals

An important aspect of the �ts to galactic pro�les and of non-linear �tting procedures

in general is the errors of the resulting parameters. This point has been often neglected,

although the typical �2 minimization algorithms always give estimates for these errors in

the form of the diagonal elements of the covariance matrix of the parameters. Again, these

estimates depend on the uncertainties that one attributes to the data points but in more

than one way: The uncertainties must be normally distributed in order to interpret the

diagonal elements of the covariance matrix as real standard deviations for the parameters.

While this is not always the case, the estimated errors can serve as a means of comparison

between models due to the signi�cance that they can have on any subsequent conclusions

concerning the light distribution. For example, when one wants to extract mass distribu-

tion and theoretical rotation curves out of the light distribution models the errors play a

particularly important role. An error of the order of 80% in the value of the bulge e�ective

radius {something that is not unusual as is seen below{ can give an uncertainty of up to

40% in the predicted rotational velocity due to the bulge in the outer parts. Ultimately,

this would lead to an uncertainty of more than a factor of 2 in the derived M/L ratio.

Finally, the residuals of the �t have been used successfully in the past, to reveal sys-

tematic deviations of the pro�les from the assumed models, and to allow the detection of

underlying components such as thick disks, lenses, and disk-like structures (in ellipticals).

Below, we will use the distribution of the residuals as an indication of whether (and how)

a particular model fails to describe the actual light pro�les.
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4 Decomposition

When seeking a function that best describes the light distribution of the bulge, special

care should be taken to account for the e�ects of atmospheric smearing. Especially for

distant galaxies, or galaxies with small bulges, atmospheric seeing makes it impossible

to resolve the innermost parts; no matter what the exact law, a steeply rising r1=4 or a

shallower alternative, the core always shows a \leveling o�" that hides the underlying true

distribution. The usual way to circumvent this problem is to omit the inner points from

the �t (e.g. Kormendy 1977, Prieto et.al 1992). However, when we are dealing with low-

resolution data, as in this case, discarding information is hardly justi�ed. Instead, we �t

the pro�les using a seeing-convolved formula for the bulge (in addition, this copes with

an important disadvantage of the r1=4 law: its derivative tends to in�nity as r approaches

zero). Assuming that the actual two-dimensional pro�les are radially symmetric and that

the PSF can be adequately described by a Gaussian, the seeing-convolved pro�le �c(r) is

given by

�c(r) = ��2 exp(�r2=2�2)
Z 1

0

�(x)I0(xr=�
2)� exp(�x2=2�2)xdx (3)

where �(r) is the intrinsic light distribution, � is the dispersion of the Gaussian PSF and

I0 is the zero-order modi�ed Bessel function of the �rst kind (Pritchet & Kline, 1982). The

� of the seeing Gaussian is given by Kent (1986) separately for each galaxy.

We begin by using the classical r1=4 model for the bulge, having the form

�bulge(r) = Be expf�7:67[(r=re)1=4 � 1]g (4)

and an exponential disk:

�disk(r) = D0 exp(�r=hD): (5)

For the �tting, equal weights are assigned to all the points. Usually the outermost points

have larger errors due to uncertainties in the determination of the sky background, lower

signal-to-noise etc., and they should be assigned smaller weights. However, this makes the

�t less sensitive to the possible contribution of the bulge in the regions where the disk

dominates. In addition, there is no indication of the radius beyond which errors increase;

therefore, we choose this simple equiweighting. Subsequent tests, assigning smaller weights

to the outer points showed that the results are relatively insensitive to the weighting scheme

adopted. The results of the decomposition using the above �tting functions are given in

Table 1. For each galaxy, we give the values of the best-�t parameters, the uncertainties

in the parameters of the bulge, the �2 and the goodness-of-�t (Q). In general, the �tting

procedure is not very stable and for some cases a search through a grid of initial guesses is

needed in order to bring the algorithm close enough to the best-�t values. For NGC 7541

no bulge parameters can be found since the presence of a dust lane causes a central dip in

the pro�le. For NGC 701 the e�ective radius is �xed to 1 kpc by eye estimation; the bulge

of this galaxy is too small for a free �t. For the rest of the galaxies, we can attain a full

decomposition. The value of the �2 is calculated assuming an error of 0.1mag/arcsec2for

each data point.
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Table 1: Results of exp. + r1=4 decomposition

Galaxy D0 hD Be �Be re � re �2 Q

(1) (2) (3) (4) (5) (6) (7) (8) (9)

NGC701 18.98 2.92 25.12 3.05 1.00 - 1.99 1.001E-03

NGC753 20.07 6.58 23.02 .18 14.37 1.95 1.17 2.390E-01

NGC801 21.94 25.55 22.57 .11 15.59 1.50 .39 9.992E-01

NGC1085 20.05 5.31 22.76 .19 15.77 1.60 1.62 2.028E-02

NGC1087 20.26 4.64 24.19 .33 14.22 6.62 1.33 1.004E-01

NGC1325 20.34 6.15 24.12 .40 3.80 1.53 .35 9.998E-01

NGC1353 19.60 4.32 20.19 .35 .77 .18 1.01 4.510E-01

NGC1417 19.88 8.27 21.01 .49 3.25 1.19 1.92 1.780E-03

NGC1421 19.81 9.11 21.44 1.87 .66 .83 3.57 9.584E-12

NGC1620 20.06 9.65 23.05 .72 4.34 2.71 .78 8.031E-01

NGC2590 20.18 8.05 23.11 .35 14.38 5.47 1.13 2.894E-01

NGC2608 19.91 3.90 18.47 1.47 .20 .16 3.99 5.895E-12

NGC2708 19.94 3.81 22.98 .10 6.95 .78 .09 1.00E+00

NGC2715 20.35 6.13 23.61 .84 1.84 1.34 .87 6.772E-01

NGC2742 19.91 4.03 20.93 3.54 .24 .48 3.61 2.240E-11

NGC2815 22.85 14.45 23.63 .16 25.24 5.36 .68 9.137E-01

NGC2998 20.18 7.22 24.74 .23 30.98 6.83 1.07 3.629E-01

NGC3054 19.77 5.21 20.42 .65 1.01 .44 3.31 1.380E-10

NGC3067 19.05 2.38 21.43 3.83 .34 .85 2.29 9.242E-05

NGC3200 20.40 12.07 20.35 .33 1.43 .30 1.25 1.445E-01

NGC3495 20.53 4.91 23.67 2.48 .65 1.24 4.55 3.202E-18

NGC4062 19.72 2.69 22.35 1.73 .45 .55 2.33 1.083E-05

NGC4448 19.70 3.06 22.02 .52 2.83 1.41 3.83 3.472E-13

NGC4682 20.38 5.01 19.12 1.09 .09 .09 1.48 4.385E-02

NGC4800 18.79 1.21 21.45 .27 1.46 .30 1.32 1.128E-01

NGC7171 20.15 6.21 22.49 .97 1.86 1.41 1.12 3.013E-01

NGC7217 19.95 3.42 21.69 .10 5.51 .59 .31 1.00E+00

NGC7537 19.62 3.34 24.02 .39 10.85 3.47 1.59 2.466E-02

NGC7541 19.21 6.90 { { { { 4.45

NGC7606 19.66 9.01 21.25 .32 2.42 .59 1.03 4.190E-01

NGC7664 19.04 3.08 23.68 .26 12.49 1.56 1.05 3.918E-01

UGC2885 20.94 18.80 20.92 .59 2.34 .87 5.06 1.959E-21

UGC11810 20.62 7.98 23.19 .95 3.66 2.89 1.13 2.941E-01

UGC12810 20.25 12.06 16.93 4.78 .17 .37 1.20 2.209E-01

Columns in Table 1: (1) Object name (2) Central surface brightness of the disk (3) Disk

scalelength (4),(5) E�ective surface brightness of the bulge and its uncertainty (6),(7) Bulge

e�ective radius and its uncertainty (8) Reduced �2 (9) Goodness of �t
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The most striking feature of Table 1 is the large uncertainties in the e�ective surface

brightness and e�ective radius of the bulge, especially when compared to the respective

�gures for the disk (not given). The uncertainty in Be ranges from 0.1 to 4.7 mag/arcsec2,

with a mean value of h�Bei =0.87 mag/arcsec2, while for the e�ective radius the corre-

sponding range is 0.1 to 6.8 kpc, with a mean of h�rei =1.67 kpc. These large errors can
almost certainly be attributed to an intrinsic property of the r1=4 law; i.e., it contributes a

signi�cant percentage of the total light throughout the whole pro�le and eventually domi-

nates over the light of the disk at large radii. As a consequence, the results of the �tting

are sensitive to the irregularities of both the bulge and the disk pro�les (i.e. spiral arms,

bars, regions of enhanced star formation, non-constant scalelengths etc.). In addition, we

see in Table 1 that within a very narrow range of morphological types there are very small

bulges as well as giant ones which dominate the entire pro�le (see Section 6).

The decomposition is repeated using an
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Figure 1: The \logQ � logQ" diagram for

the 33 galaxies that could be fully decomposed.

24 points lie below the equality line, indicating

a better double exponential �t. Points repre-

sented by a star (?) have been shifted upwards,

along lines parallel to the equality line, to make

the diagram more compact and clearer.

exponential rather than r1=4 law model for

the bulge; i.e.,

�bulge(r) = 5:36Be exp[�1:68(r=re)]: (6)

where the e�ective radius and surface bright-

ness have the same meaning as the ones for

the r1=4 law (half-total-light values). Apart

from its simplicity, this �tting function falls

o� quickly enough to allow the disk to dom-

inate in the outer parts and is well-behaved

as r tends to zero. Its �rst derivative still

presents a discontinuity at r = 0, but it is

�nite and no high central peak is predicted.

The results of the decomposition using the

exponential form for the bulge are given in

Table 2. The �ts prove to be very stable, the

convergence to a minimum is rapid, and the

use of only one initial set of parameters is

su�cient for all the galaxies. These should

be expected because of the simple mathe-

matical form of the model; a better descrip-

tion of the data is not necessarily implied by

these facts. However, when we come to examine the values of the parameters themselves

and their errors, there is a striking di�erence compared to the r1=4 law �ts. Both bulge

parameters lie in very narrow ranges that have almost no overlap with the corresponding

regions of the disk parameters. The uncertainties are much smaller, decreasing by almost

as much as an order of magnitude: the mean uncertainty in the e�ective surface brightness

is 0.14 mag/arcsec2, and the mean uncertainty of the e�ective radius is only 0.06 kpc.

These are comparable to or even smaller than the uncertainties in the disk parameters,

thus displaying the internal consistency of the model. As far as the quantitative goodness-

of-�t indicators are concerned, a comparison can be easily made through the \logQ { logQ"



24 Chapter 2. Exponential bulges in late-type spirals

Table 2: Results of double exponential decomposition

Galaxy D0 hD Be �Be re � re �2 Q

(1) (2) (3) (4) (5) (6) (7) (8) (9)

NGC701 19.01 2.96 22.80 .91 .99 .666 1.92 1.780E-03

NGC753 19.89 7.74 19.97 .14 2.30 .159 1.82 3.939E-03

NGC801 20.86 17.67 19.63 .09 2.74 .090 1.14 2.682E-01

NGC1085 20.46 9.36 19.63 .13 2.83 .141 1.68 1.357E-02

NGC1087 19.84 4.61 20.35 .06 .88 .035 .47 9.953E-01

NGC1325 20.23 5.86 21.23 .08 .68 .029 .33 9.999E-01

NGC1353 19.48 4.13 18.59 .11 .39 .015 .91 6.131E-01

NGC1417 19.61 7.67 18.96 .19 1.14 .076 1.98 1.088E-03

NGC1421 19.81 9.09 20.29 .29 .46 .044 3.41 7.098E-11

NGC1620 19.99 9.43 20.77 .13 1.31 .070 .67 9.178E-01

NGC2590 19.80 8.10 19.92 .07 1.93 .067 .41 9.975E-01

NGC2608 19.88 3.84 18.53 .34 .26 .019 3.97 7.317E-12

NGC2708 19.49 3.69 19.72 .06 .80 .026 .34 1.00E-00

NGC2715 20.30 5.98 21.20 .14 .51 .028 .78 8.076E-01

NGC2742 19.92 4.05 20.70 .31 .28 .024 3.51 7.350E-11

NGC2815 20.40 8.38 19.93 .05 1.73 .048 .67 9.996E-01

NGC2998 20.06 8.35 21.02 .15 2.46 .253 1.54 2.974E-02

NGC3054 19.69 5.10 19.00 .21 .58 .040 3.18 7.037E-10

NGC3067 19.05 2.38 20.50 .63 .28 .075 2.23 1.566E-04

NGC3200 20.32 11.71 19.14 .09 .95 .026 .76 8.492E-01

NGC3495 20.54 4.95 21.91 .45 .33 .083 4.27 1.708E-16

NGC4062 19.72 2.70 20.87 .36 .25 .047 2.19 4.882E-05

NGC4448 19.42 2.94 19.15 .11 .53 .029 2.05 2.951E-04

NGC4682 20.38 5.01 20.60 .17 .21 .004 1.46 4.972E-02

NGC4800 18.54 1.24 18.45 .21 .23 .020 1.88 2.456E-03

NGC7171 20.10 6.09 20.62 .18 .79 .054 .99 4.794E-01

NGC7217 19.04 3.32 18.72 .05 .81 .018 .64 9.320E-01

NGC7537 19.83 4.06 20.76 .08 1.94 .129 .66 9.134E-01

NGC7541 19.21 6.90 { { { { 4.45 {

NGC7606 19.56 8.69 19.13 .09 .87 .031 .81 7.834E-01

NGC7664 22.36 9.53 20.29 .07 4.43 .182 2.48 1.809E-05

UGC2885 20.88 18.44 19.61 .19 1.51 .094 4.26 1.966E-16

UGC11810 20.53 7.77 21.02 .18 1.22 .083 1.06 3.804E-01

UGC12810 20.25 12.07 18.79 .15 .52 .008 1.17 2.506E-01

Columns in Table 2: (1) Object name (2) Central surface brightness of the disk (3) Disk

scalelength (4),(5) E�ective surface brightness of the bulge and its uncertainty (6),(7) Bulge

e�ective radius and its uncertainty (8) Reduced �2 (9) Goodness of �t
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Figure 2: Decomposition of NGC2708 with both models. (a) (Left panel): r1=4 bulge. (b)

(Right panel): Exponential bulge.

diagram, given in Figure 1. It is seen that 24 points out of the 33 lie below the equality

line, indicating a generally better �t by the exponential bulge. The mean value of the

reduced �2 for these 33 galaxies is reduced from 2.02 to 1.91. This reduction in the mean

value of �2 is by no means impressive, but this small di�erence can be attributed to the

fact that the r1=4 law can give in many cases a good description of a distribution that is

intrinsically exponential (Section 5).

In Figures 2a and 2b we show the decomposition results for the galaxy that gives the

best �t for the r1=4 law, NGC 2708 (the �ts for all the galaxies are shown in Appendix A).

The r1=4 law (Figure 2a), gives an essentially perfect �t of the inner parts, accounting for

almost all the light there. The contributions of the two components become equal at about

1.5 kpc, and beyond the disk dominates. It is obvious, however, that the contribution

of the r1=4 bulge suppresses that of the disk throughout the pro�le. As a result, the

line of the disk pro�le lies about 0.4 mag lower than the apparent exponential part of

the actual distribution due to the non-vanishing bulge. This behavior is common also in

the galaxies decomposed by Boroson (1981) and by Prieto et.al (1992). In the double

exponential decomposition (Figure 2b) the situation is clearly di�erent. The characteristic

r1=4 curvature of the intermediate zone is successfully reproduced by the superposition of

the two exponential components; the bulge then falls o� rapidly and allows the disk to

account for all the light in the outer regions. On the average, with the exponential model

the mean value of the central surface brightness of the disk is increased by about 0.15

mag/arcsec2using this scheme, while the scatter is reduced from 0.80 to 0.65 mag/arcsec2.

Why, then, does the exponential scheme give a better �t for most of the galaxies?

It has been argued (Boroson, 1981, Prieto et.al, 1992) that all the departures from the

r1=4 �ts are caused by enhanced star formation in regions close to the edge of the bulge.

In this way, \Freeman Type II" pro�les are observed, with an excessive luminosity in the
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intermediate parts that cannot be accounted for by the r1=4 model. To investigate this, we

examined the �ts to the pro�les after subtracting the contribution of the best-�t disk for

each model. This technique was �rst used by de Vaucouleurs (1958), and it is very useful

in revealing any systematic deviations in the bulge pro�les. The disk-subtracted inner

parts of the pro�les are shown in the lower panels of the plots in Appendix A, for the 32

fully decomposed galaxies. Each graph shows the nonnegative residuals of the subtraction

out to a radius where the distribution still appears to be systematic, together with the

corresponding best-�t models for the bulge. It is clear that the r1=4 law generally predicts

too much light in the transition region (i.e. between the bulge and disk dominated region);

instead of a de�ciency, we observe an excess of more than half a magnitude for more than

half of the galaxies. This is more prominent in galaxies with small bulges, like NGC 1353,

NGC 1620, NGC 3054, NGC 7171 and UGC 2885. Indeed, for these galaxies, the residuals

from the disk subtraction are better described by an exponential law, regardless of the

bulge law used in the �tting! On the other hand, one can identify seven spiral galaxies

in which the overall bulge pro�le is better described by the r1=4 law; i.e., the exponential

model predicts too little light in the transition region. These are NGC 753, NGC 801,

NGC 1085, NGC 1417, NGC 2998, NGC 4800, and NGC 7217. In Tables 1 and 2 we see

that these galaxies are those very objects with higher Goodness-of-Fit values for the r1=4

law bulge model (above the equality line in Fig. 1). It is clear that the relative values of Q

(or �2 ) are identifying this systematic deviation of either of the two models from the true

light distribution in the bulge-disk transition region. It is also clear that the exponential

model provides a better description of this systematic aspect of the light distribution for

most of the galaxies in this sample (25 out of 32).

5 Reliability of the decomposition results

In order to investigate the reliability of the decomposition procedure and of its results, we

perform some simulations analogous to those of Schombert & Bothun (1987).

First, we examine the ability of the algorithm to recover the original parameters of

arti�cial pro�les that have been seeing-convolved and distorted with random noise. We

do this using r1=4 -law pro�les, in order to determine whether the large values that we

�nd for the e�ective radius are artifacts of the noise in the data or of the seeing e�ects.

For these simulations, we use a grid of about 200 exp. disk + r1=4 bulge models. The

values of the disk parameters are kept �xed to D0 =20.0 mag/arcsec2and hD = 4.0 kpc.

The e�ective surface brightness of the bulge ranges from 18.0 to 23.0 mag/arcsec2and the

e�ective radius from 0.3 to 3 kpc, both in equally spaced intervals. We do not extend

the range of re further, as we expect that small bulges are the ones more likely to give

spurious results; the results justify this intuitive assumption. The arti�cial pro�les are

then convolved with a Gaussian seeing with a � of 0.3 kpc, and Gaussian noise is added,

with an r.m.s. of 0.04 mag/arcsec2.

Applying the algorithm to these data, we �nd that in general the recoverability of the in-

put parameters is excellent and that the con�dence limits are ample. Only the combination

of very small e�ective radii (Re � 1:5�) and relatively faint e�ective surface brightnesses
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Figure 3: The \response" of the decomposition algorithms on arti�cial data, as a function of

the prominence of the bulge (reected by the di�erence Beff�D0) and of the e�ective radius

relative to the seeing. (a) Results (in terms of the ratio of the �2 's) of decomposing arti�cial

[r1=4 + exp.] data using the exponential model for the bulge. Darker regions denote increasingly

comparable �2 's of the two models. The greylevels correspond to �2exp=�
2
dV

= 100, (light grey),

25, 8, 6, 4, 2, and 1 (black). (b) Same as (a), with the addition of the positions of the sample

galaxies. (c) Results of decomposing arti�cial double exponential data using an 'model for the

bulge. The contour levels are the same as in (a). (d) Same as (c), including the positions of the

sample galaxies.

(Be � D0 � 4) can give unreliable results. In all the other cases, the retrieval accuracy

of the parameters is better than 80% for the e�ective radius and 0.1 mag/arcsec2for the
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e�ective surface brightness.

Secondly, we examine whether an exponential model can successfully �t a pro�le that

intrinsically follows an r1=4 law, and vice versa. This could happen either due to the

mathematical properties of the r1=4 law or as a result of seeing and noise e�ects, and would

make most of the previous results meaningless.

In the �rst set of experiments we �t the previously mentioned grid of r1=4 law models

using an exponential bulge and an r1=4 bulge. As a measure of the success of the �t we use

the ratio of the �2 's given by the two models. The results are given in Figure 3a in the form

of contours of this ratio as a function of the e�ective radius and of the relative prominence

of the bulge. The black level corresponds to �2
exp=�

2
dV = 1 (i.e., non-reliability region). It

is seen that the exponential model can be equally well �tted to a bulge that intrinsically

follows an r1=4 law (black region) only if the e�ective radius of the latter is small in terms

of the seeing radius (�), and the e�ective surface brightness is more than two magnitudes

fainter than the central surface brightness of the disk. Otherwise, the chi-squares given

by the two models are clearly distinguishable. In Figure 3b we plot the positions of the

galaxies of our sample (as determined by the results of the r1=4 law decomposition) on this

contour plot that is kept unshaded for clarity. Only 15 out of the 34 galaxies fall within

the limits of the plot; the objects outside the plot lie deeper in the \reliability region". It

is obvious that none of the galaxies is in the \dangerous" region, and only three lie in the

region with 1 � �2
exp=�

2
dV � 2. The remainder, if they were really described by an r1=4 law,

would have �2
dV of one order of magnitude smaller than �2

exp.
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Figure 4: Left panel: The distribution of the e�ective surface brightness of the bulge. The

exponential model (heavy line) gives clearly a smoother and narrower distribution than the 'model

(normal line). Right panel: The distribution of the e�ective radius of the bulge. Exponential

model (heavy line) and 'model (normal line).

Now we repeat this procedure using arti�cial double exponential models; i.e. we attempt

to �t double exponential data with r1=4 + exponential models. The results are given in
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similar form in Figure 3c. We see that the regions of equal �2 (black regions) cover a greater

fraction of the grid. This indicates that pro�les that are intrinsically double exponential

are better described by an r1=4 + exponential model than vice versa. In Figure 3d we

plot again the positions of the galaxies according to the results of the double exponential

decomposition. In this case all of them lie within the limits set, and roughly half of the

points lie quite close to the \non-reliability" region. Keeping in mind that these pro�les are

distorted only by Gaussian random noise and do not have the systematic large deviations

from the models evidenced by actual galactic pro�les, this goes far in explaining the fact

that the �2 's of the double exponential model for our galaxies are only slightly better than

the ones of the r1=4 law. In other words, it may well be that on a realistic pro�le the

r1=4 law mimics very well an underlying exponential distribution in the inner parts of the

galaxy. If the actual light distribution in bulges were more similar to the r1=4 law, then the

exponential model would give much worse �ts in terms of �2 . The fact that the mean �2 's

are so similar for r1=4 and exponential models is the expected result if the light distribution

is approximately double exponential.

6 Distribution of the bulge properties

In most of the relevant studies (e.g. Kodaira et.al 1986 (KWO), Kent 1985, Boroson

1981, Kormendy 1977, Simien & de Vaucouleurs (1986)) the major common point as far

as bulges are concerned is the very wide range covered by the values of the parameters

compared to the disk. The e�ective surface brightness is usually found to span an interval

of not less than 8 magnitudes, ranging from 18 to 26 or even 28 mag/arcsec2. The e�ective

radius has a minimum at about 0.4 kpc, but its maximum value is almost unconstrained,

extending up to 20 kpc or more. This large scatter has given rise to questions regarding

its credibility, but, since the model �t seemed satisfactory in statistical aspects, it was

considered as realistic. As a consequence it is often accepted that in a single morphological

type, the scatter in the parameters of one of the components (the bulge) is one order of

magnitude larger than the scatter in the other one (the disk). On the other hand, normal

elliptical galaxies, (i.e. excluding dwarf ellipticals) described by the same r1=4 law, present

signi�cantly less scatter than the spheroids of spirals. It is also curious that the range in

the total magnitudes of the bulges is about the same as that for the disks and not so large

as might be expected from random combinations of the parameters within their ranges

(KWO).

This large scatter{and its e�ects on luminosity ratios and other possible tracers of the

Hubble sequence{has been attributed to vague \decomposition errors" (Simien, 1989). A

closer look, however, shows quite clearly that: 1. The large ranges do not depend on

the speci�c decomposition algorithm used; they are present, whether it is non-linear least

squares, iterative �t or grid search. 2. They cannot be attributed to a mistreatment of the

disk, since the exponential law holds extremely well in most galaxies (the possibility of a

central \hole" has been investigated by Kormendy 1977). Bearing these points in mind,

we would be justi�ed to assume that the \errors" most probably lie in the very form of the

model used to describe the bulge.
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Figure 5: Bulge e�ective surface brightness (Beff ) plotted versus logReff . The error bars in

logReff have been forced to symmetry, to avoid confusion. In this and all the subsequent �gures,

the exponential model is represented by the �lled diamonds, and the r1=4 model by the blank

ones. The \good-�t" line (dotted) is a visual guide to show that small bulges are better �t by

the exponential model, while large ones by a de Vaucouleurs law.

The results presented here for the r1=4 spheroids are fully consistent with the previous

results regarding the wide distribution of the resulting parameters. The e�ective surface

brightness ranges from 17 to 25 mag/arcsec2, while the e�ective radius ranges from 0.20 to

30 kpc. The mean value of �e is 22.17 mag, and the standard deviation is 1.84 mag. The

respective �gures for the e�ective radius are re = 6.05 kpc, with a dispersion of 7.7 kpc.

With the exponential model for the bulge, the results are quite di�erent. The e�ective

surface brightnesses lie in an interval narrower by 4 magnitudes, ranging from 18.5 to 22.5

mag/arcsec2. It is interesting to note that the standard deviation of the e�ective surface

brightness (0.98 mag/arcsec2) approaches that of the central surface brightness of the disk

(0.60 mag/arcsec2), pointing toward the possible existence of an analogous \Freeman's

Law" for bulges. As far as the e�ective radius is concerned, the interval is very narrow,

ranging from 0.2 to 4.5 kpc. The standard deviation is 1.05 kpc, almost one order of

magnitude smaller than that of the r1=4 model and much smaller than that of the disk

scalelength (� 4 kpc).

In Figure 4 we give the distribution of the e�ective surface brightnesses for the two

models, in histogram form. Apart from the smaller range, the exponential model presents

a distribution much closer to normal, with a peak at about 20.5 mag. The analogous

histogram for the scalelengths is shown in the second panel of Figure 4. Again, the com-

pactness of the exponential model is striking. It is also obvious that the exponential model
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Figure 6: The e�ective surface brightness of the bulge (left panel) and the e�ective radius (right

panel) plotted as a function of the absolute magnitude of the bulge. The smaller spread presented

by the exponential model is obvious in both plots.

combines both smaller scalelengths and fainter e�ective surface brightnesses resulting in

smaller total luminosities for the bulge. As a result, the range spanned by the absolute

bulge magnitudes is slightly shifted toward the faint end and at the same time narrowed

by about 1.5 mag.

Both of these histograms have been combined in the Be { log re diagram, shown in

Figure 5. This diagram has been used previously to demonstrate the general structural

tendencies of spheroids. (see Fig. 3 of KWO). The points are given with their error bars

in both coordinates in order to show the great di�erences in this respect. The di�erence

in the total surface occupied by the points of each model is also quite obvious, showing

the compactness of the exponential model. In general, fainter central magnitudes tend to

be combined with larger re, as one would expect for a relatively narrow total luminosity

range.

The relation of the central surface brightness and the scalelength to the absolute mag-

nitude of the bulge, can be seen in Figure 6 for both models. The exponential model shows

much tighter dependencies in both parameters, con�rming our previous remark about the

total magnitude of the spheroid.

Following the results of the above analysis, several conclusions that have been drawn

in the past can be brought into question. The extremely large and faint spheroids found in

previous decompositions are not real; they are most probably created by the form of the

model used to describe them. Finally, as some were prompted to introduce a \standard

disk" for spirals by the narrow ranges of its parameters, we would perhaps be justi�ed to

introduce the \standard bulge" {at least for late types{ given the almost equally narrow

ranges that the bulges demonstrate via the exponential model. These suggestions, of

course, should be considered within the con�dence limits set by the size of the sample and
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Figure 7: The interplay between the parameters of the bulge and the disk, as treated by the

two models. (a) E�ective surface brightness of the bulge vs central surface brightness of the disk.

(b) E�ective radius of the bulge vs scalelength of the disk. (c) Absolute magnitudes of the two

components. (d) The bulge-to-disk ratio as a function of the type index. For all plots: Diamonds:

Exponential bulge. Empty circles: de Vaucouleurs bulge.

the number of points used for the decomposition. Homogeneous data on a much larger

number of disk galaxies of all types are needed in order to clarify this issue.

6.1 Bulge-disk correlations and luminosity ratios

Figure 7a shows the e�ective surface brightness of the bulge vs the central surface bright-

ness of the disk and 7b the bulge e�ective radius versus the disk scalelength respectively.
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Di�erent symbols have been used for each of the two models for the bulge. It is evident

that there is not any apparent correlation between B0 and M0, in agreement with KWO.

The only additional remark is that due to the smaller range of the central bulge magnitude

for the exponential model, the corresponding distribution tends to be less elongated along

the M0 axis. With respect to the scalelengths, for the r1=4 model the points seem to be

more or less randomly distributed, as in the previous studies. However, for the exponential

model, there is a clear correlation of the two scalelengths in the form of a linear function in

log� log representation. The best-�t line is log re = 0:908 log hD�0:908, with a correlation
coe�cient of 0.73. This suggests a linear relation between hB and hD.

The absolute magnitudes of the two components are plotted against each other in

Figure 7c. For both models, it is clear that brighter disks are combined linearly with

brighter bulges. The best-�t line is:

MB = 0:57MD � 9:81:

The correlation is quite tight, with a coe�cient of 0.88 for both models.

Figure 7d shows the bulge-to-disk ratio as the absolute magnitude di�erence, versus the

morphological type of each galaxy taken from the RC3 catalogue (de Vaucouleurs et.al,

1991). A possible correlation is more evident for the exponential model with a general

tendency for the bulge to be fainter for later types. Unfortunately, both the scatter in

each morphological type (�T � 0:7mag) and the overlap between di�erent types are large

enough to prohibit any attempt of interpretation of the Hubble sequence in this sense.

7 Conclusions

We have reconsidered the decomposition into bulge and disk components of a sample of

34 late type spirals, by using an exponential model for the bulge. The �tting was done on

elliptically averaged major axis pro�les of the galaxies. The principle conclusions from this

procedure can be summarized as follows:

1. In order to judge the quality of a �t, multiple indicative quantities should be used.

The reduced chi-square is still the most powerful indicator available, but others, such as the

Goodness-of-Fit, the uncertainties of the parameters and the distribution of the residuals

are also useful in discriminating between alternative models.

2. The r1=4 law, despite the fact that it describes satisfactorily the pro�les of elliptical

galaxies, proved to be rather inadequate for the description of the bulges of late-type spirals.

Its special mathematical (in�nite derivatives, weak dependence on the length parameter)

and physical (contribution at large radii) characteristics have given rise to awkward re-

sults about the characteristic properties of bulges. Using this model, the e�ective surface

brightnesses spanned a range of about 10 magnitudes, while the respective range for the

e�ective radii is 20 kpc. This is in sharp contrast to the ranges of the parameters of the

disks, which are much smaller. Using a simple exponential law for the surface brightness of

the bulge, these ranges are decreased dramatically (4 magnitudes and 4 kpc respectively),

and we derive a much more consistent picture of the relevant sizes and the correlations

that might exist between these two components. At the same time, the exponential model
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is superior in every statistical aspect of the �tting procedure, giving a lower �2 for most of

the galaxies, and much smaller uncertainties for the parameters.

We do not wish to claim here that the exponential light distribution provides a perfect

description of all spiral bulges. The low Q - values for many of the �ts and a visual

inspection of the �tting residuals (Appendix A) demonstrate that this is certainly not the

case. Moreover, the range of morphological types considered here is quite small; it may well

be that the r1=4 law is superior in early-type spirals, as implied for example by the \good-�t'

line in Fig. 5 (if so, this in itself may indicate a di�erent formation and dynamical history

for bulges of late versus early types). But this work does suggest that the mathematical

advantages of the exponential form, as reected by the relative ease in achieving �ts, may

well be providing a more accurate picture of the relevant size scales, surface brightnesses,

and total luminosities of bulges; that the large scatter found in these parameters in previous

studies is an artifact of the �tting function used. It should also be stressed that the use of an

inappropriate �tting function for the bulge can give misleading results on disk parameters;

the signi�cant contribution of the r1=4 law at large radii erroneously decreases the derived

disk surface brightness. In addition, the placement of the spiral bulges on a fundamental

plane coincident with or analogous to that of ellipticals, can be signi�cantly facilitated by

a model that gives small scatter in the parameters. It may well be that the o�sets found

in the recent attempts to do this (Dressler 1987, Bender et.al 1992) have been caused by

errors in the bulge-disk decomposition using the r1=4 law.
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A Plots of exponential �ts and residuals

Here we give the double exponential �ts to the pro�les along with the residuals of the

subtraction of the disk. The �ts are shifted upwards by approximately 2.5 magnitudes

for clarity; the blank circles represent the observed pro�le, the dashed and dot-dash lines

stand for the bulge and the disk components, and the thicker solid line stands for the total

predicted pro�le (bulge + disk). The bulge pro�le is shown only out to the point where

�bulge � �disk < 2, to avoid confusion with the second plot.

As far as the residuals are concerned (lower plots) the �lled circles are the result of

the subtraction of the disk given by the double exponential model, and the dashed line is

the bulge of the same model. The blank circles and the dotted line are the corresponding

residuals and bulge of the [exp. + r1=4 ] model. The plots extend out to the point where the

residuals do not seem to follow any systematic distributions any more and are dominated

by irregularities in the disk.
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Figure 1: Double exponential �ts to the total surface brightness (upper plot in each panel) and

residuals from the disk subtraction, for both bulge models. (lower plot).
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Figure 1: Continued
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Figure 1: Continued
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Figure 1: Continued





Chapter 3

The shape of the luminosity pro�les

of bulgesy

Using a 2D generalization of Kent's model-independent decomposition method, we extract

the K-band light pro�les of the bulges of a sample of �eld galaxies with morphological

types ranging from S0 to Sbc. We then examine the shape of the bulge pro�les, by means

of �tting a seeing-convolved power law of the form �(r) / r1=n, where the exponent n is

allowed to vary. The best-�tting exponent n is found to vary systematically from values

around 1 (exponential) to 6 from late- to early-type bulges; the pro�les tend to fall o�

more steeply in the outer parts for the later types. The same trend is seen as a function of

bulge to disk ratio. Application of the method to arti�cial data proves that this result is

not caused by disk-light contamination. There are also indications that n becomes larger

with increasing total luminosity and radius of the bulge. A similar relation has recently

been found for elliptical galaxies. The smooth trend of n with morphological type shows

that the formation of or interaction with the disk has a�ected the density distribution of

the bulge.

1 Introduction

Many unsolved problems regarding the formation, age and structure of galactic bulges have

surfaced in the last few years. Due to the importance of these issues for our understanding

of galaxy formation and evolution, photometric and kinematical modeling started to move

away from the standards. The long-overdue questioning of the universality of the r1=4 law

(de Vaucouleurs 1948) as a means of describing the light pro�le came �rst for elliptical

galaxies as systematic deviations began to appear (Michard 1985; Schombert 1986; van

den Bergh 1989; Binggeli & Cameron 1991). Alternative descriptions of the bulges soon

followed, and exponential forms were proposed as more suitable for the bulges of late-type

spirals (Kent, Dame & Fazio 1991; Andredakis & Sanders 1994). Exponentials, however,

are clearly not correct for the earlier types. Since some bulges are �tted well by the r1=4 law,

and others clearly better by an exponential, a functional form that is to �t the bulges in

yY.C. Andredakis, R.F. Peletier & M. Balcells, Mon. Not. R. Astron. Soc. 275, 874-888 (1995)
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general needs an extra variable. The concept of the r1=n law was initially introduced by

Sersic (1968). It was revived by Capaccioli (1988), who proposed the use of an r2=9 law

as an alternative for the description of the light pro�les of ellipticals. The �rst full-scale

implementation of this generalized de Vaucouleurs law was done by Caon, Capaccioli &

D'Onofrio (1993). They used it to �t the major and minor axis pro�les of a sample of

ellipticals and S0s. The pro�les spanned a large range of values in n, and it was found that

n correlates with the e�ective radius and the total luminosity, in the sense that it becomes

bigger (i.e. the pro�les are shallower in the outer parts) for larger and brighter galaxies.

In this paper we examine the light pro�le shapes of a sample of spiral galaxies using

the r1=n law mentioned above. For this, we use an extension of the model-independent

decomposition method introduced by Kent (1986) to extract the bulge pro�le. The study

of the surface brightness pro�les of the bulges in the optical su�ers from extinction by dust

in the disk. Edge-on galaxies are in this way especially di�cult to study. We circumvent

the problem by using near-infrared K-band data. At 2.2 �m the images of the bulge and

disk are much more regular, so that separation of these two components is easier. The

sample and the observations are briey described in Section 2, and the method is outlined

in Section 3. In Section 4 we show the results of �tting the pro�les using the generalized

de Vaucouleurs law. In Section 5 we examine the dependence of n on parameters such

as e�ective radius, absolute magnitude and B=D ratio; we �nd that n becomes bigger for

earlier types and large bulge to disk ratios. We discuss possible causes of these correlations.

We also compare global parameters of the bulges such as e�ective radius, e�ective surface

brightness and total luminosity with those of elliptical galaxies. Finally, we summarize our

conclusions in Section 6.

2 Sample, observations and reduction

We study a complete, diameter-limited, optically selected sample of early- to intermediate-

type spirals, selected from the UGC Catalogue (Nilson 1973); a detailed description of the

selection method is given in Balcells & Peletier (1994). The initial sample consisted of 32

�eld galaxies with morphological types ranging from S0 (T=�3) to Sbc (T=4). The main
morphological criteria for the selection were that the major axis diameter should be more

than 2 arcmin, and the axial ratio in B larger than 1.56, corresponding to inclinations above

50�. This is necessary for the speci�c decomposition method that we use, which requires

that the apparent ellipticities of the bulge and disk are as distinct as possible. Since their

purpose was to study stellar populations and colour gradients, Balcells & Peletier (1994)

rejected galaxies that are very dusty, have a very small bulge or whose disk scalelength is

strongly �lter-dependent. For our purpose here we relax all of these criteria and analyse

all the galaxies in their table 1 except UGC 8722 and 10851 which are too far north to be

observed with UKIRT. The 12 galaxies that did not make it into the sample of Balcells &

Peletier (1994) because they were too dusty all the way to the centre or belonged to an

interacting system are also excluded from the sample of this paper. Thus we are left with

30 objects, whose UGC and NGC name, morphological type (from the RC3 Catalogue, de

Vaucouleurs et al. 1991) and distance (H0 = 75 km s�1Mpc�1) are listed in the �rst four
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columns of Table 1.

The sample was observed in the J and K near-infrared passbands using the IRCAM3

camera on UKIRT at Mauna Kea. In our analysis we use the K frames, as at 2.2 �m the

e�ects of dust extinction are minimized and the e�ective seeing is better. As an example,

we give a B-band and a K-band image of the highly inclined UGC9428 in Fig. 1.

Although relatively large for an infrared camera, measuring 256�256 pixels with 0.286

arcsec per pixel, IRCAM3 is too small to contain these large galaxies. For each galaxy we

observed a sequence of 10 frames: six frames of the galaxy, with the centre each time at

a di�erent place, and four of the neighbouring background sky. For reduction, a median-

�ltered sky frame was made of these four images. This frame was scaled and subtracted

from each of the object frames. Following this the object frames were at-�elded using a

at-�eld obtained from all dark sky frames of that night. Finally, a mosaic was made by

combining the six frames, using the galaxy centre as the reference point, and adjusting the

sky background of each frame individually. The �nal mosaics generally have a size of 120

� 100 arcsec and, since the galaxies are relatively close to edge-on, are large enough to

determine and subtract the residual sky background on the frame. The seeing FWHM, as

measured from bright stars on the images, ranges from 0.8 to 1.2 arcsec.

Following these reduction steps we calculate the surface brightness pro�les and the total

luminosities of the galaxies, by �tting elliptical isophotes to the images. The centre is kept

�xed, but the ellipticity and the position angle are allowed to vary, in order to determine

the ellipticity and position angle pro�les that will be necessary later. The resulting major

axis surface brightness pro�les are given in Fig. 1, in Appendix A. The total absolute

K magnitude of the galaxy is calculated by integrating inside the elliptical annuli, and is

given in Table 1. Due to incomplete coverage, the magnitudes of some galaxies are slightly

underestimated; these galaxies are indicated by an asterisk. Two barred galaxies in our

sample are marked by a dagger. In columns 6 and 7 of Table 1 we give the ellipticities of

the bulge and the disk for each galaxy; the way that these are determined is described in

Section 3.3.

3 Bulge-disk Decomposition

3.1 Outline of the method

As mentioned earlier, an objective and model-independent bulge-disk decomposition method

must be used, if we want to study the shape of the pro�le of one of these two components. It

is also desirable to have model-independent estimates for the other photometric character-

istics of the bulge such as e�ective (i.e. half-total light) radius, e�ective surface brightness

and total magnitude. The classical decomposition methods, using an iterative or a simul-

taneous �tting of an exponential disk and an r1=4 bulge (Kormendy 1977; Boroson 1981;

Shaw & Gilmore 1989) make the a priori assumption that the bulge follows an r1=4 law.

This means that, after decomposition, deviations from this law cannot be studied. The

only model-independent method that has been implemented until now is that of Kent

(1986). The basic principle is that the bulge and the disk pro�les are assumed to have,
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Table 1: Morphological data.

UGC NGC Type Distance Mabs
K �disk �bulge

(1) (2) (3) (4) (5) (6) (7)

8764 5326 1 51.5 -25.06 0.55 0.20

8835 5362 3 46.2 -23.63 0.63 0.33

8866 5389 0 39.3 -24.78 0.75 0.25

8935 5422 -2 38.0 -24.65 0.80 0.17

8958 5443 3 40.8 -24.43 0.72 0.27

9016 5475 1 36.8 -24.27 0.71 0.05

9187 5577 4 29.4 -22.02 0.72 0.30

9202 5587 0 46.5 -25.15 0.70 0.20

9357 5675 3 85.2 -25.78 0.68 0.10

9361 { 3 50.1 -25.20 0.75 0.40

9399 5689 0 45.5 -25.43 0.75 0.35

9428 5707 2 46.7 -24.74 0.75 0.15

9462 5719 2 34.6 -25.07 0.68 0.20

9499 � 5746 3 34.4 -25.84 0.83 0.27

9692 � 5838 -3 27.5 -24.60 0.63 0.10

9723 5866 -1 18.3 -24.68 0.64 0.10

9726 5854 -1 34.9 -24.42 0.70 0.20

9753 5879 4 20.7 -23.57 0.70 0.36

9805 5908 3 69.1 -27.04 0.81 0.30

9914 5965 3 71.4 -26.05 0.83 0.40

9971 � 5987 3 63.4 -25.96 0.65 0.25

10081 6010 0 39.0 -25.09 0.77 0.22

10856 y 6368 3 55.3 -25.19 0.67 0.15

11053 6504 2 92.8 -26.44 0.80 0.25

11401 y 6757 0 45.0 -24.16 0.54 0.10

12080 7311 2 90.7 -26.29 0.53 0.00

12115 7332 -2 29.3 -25.69 0.75 0.24

12306 7457 -3 20.5 -23.03 0.48 0.25

12442 7537 4 52.9 -24.44 0.66 0.20

12691 � 7711 -2 84.3 -25.75 0.75 0.20

Columns in Table 1: (1), (2) name of the galaxy; (3) morphological type

from the RC3 Catalogue; (4) distance in Mpc, computed from the Galactic-

standard-of-rest-corrected redshifts given in RC3 (H0 = 75 km s�1Mpc�1 );

(5) absolute magnitude in the K band from our photometry; (6), (7) elliptic-

ities of the disk and the bulge.

in projection, elliptical isophotes of constant but di�erent attening. This di�erence in

attening is the key to the decomposition method; the major and minor axis pro�les are
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each the sum of the bulge and disk pro�les, but each one of the latter is scaled radially by

a di�erent factor. This constitutes a system of two equations that can be solved iteratively

to obtain the bulge or the disk pro�le. For illustrative purposes, we will give the equations

here also: Let B(r) and D(r) be the (unknown) bulge and disk major axis pro�les. Then,

the intensities along the major and minor axis are, respectively,

Imaj(r) = B(r) +D(r); (1)

Imin(r) = B(fBr) +D(fDr); (2)

where fD and fB stand for the major to minor axial ratio of each component. Substituting

D(r) from equation (1) into equation (2) we have that

B(r) = W (r) +B(�r) (3)

whereW (r) = Imin(r=fB)�Imaj(rfD=fB) and � = fD=fB. We solve equation (3) iteratively,

using the method of Kent (1986), as follows. In the �rst iteration we assume that B(r) is

equal to W (r) and we substitute this into the right-hand side of equation (3), getting

B(r) = W (r) +W (�r): (4)

This process is repeated inde�nitely, yielding

B(r) =W (r) +W (�r) +W (�2r) +W (�3r) + ::: (5)

or, in condensed form,

B(r) =

1X
k=0

W [(
fD

fB
)
k

r]: (6)

Since W (r) is a declining function of radius and � is greater than 1, convergence of the

series is guaranteed. A variance of this method was used by Capaccioli (1987), and a gen-

eralization using variable ellipticities was used by Simien & Michard (1990). The method

is simple and robust, and can be extended in many ways. A built-in disadvantage is that

it cannot cope with galaxies that are close to face-on (small di�erence in apparent atten-

ings), or with galaxies with signi�cant isophote twisting. Another disadvantage is that the

presence of features like spiral arms and dust lanes can cause spurious bumps or dips in the

major and minor axis light distributions. If, on the other hand, raw cuts are used instead

of elliptical isophotes, there are always features on the major axis that are not present on

the minor axis, again causing abnormalities or even oscillations on the derived bulge and

disk pro�les.

To circumvent this last problem, we extended Kent's method to work on the raw two-

dimensional light distribution. The principle is as follows. Let us consider two radial cuts

of the image of the galaxy, from the centre outwards. Let the intensity along these two

cuts be represented by two vectors, X and Y. Vector X forms an angle �1 with the major

axis of the galaxy, and vector Y an angle �2, where �1 < �2. Then we can write down a

pair of equations analogous to equations (1) and (2) above:

X(r; �1) = B(b1r) +D(d1r); (7)
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Figure 1: A B-band (left panel) and a K-band (right panel) image of UGC9428 shown side

by side, to illustrate the great di�erences in terms of extinction. Note the much more regular

appearance of both bulge and disk in the K image, mainly due to the absence of dust lanes. The

adopted ellipticities of the bulge and the disk are drawn on the K-band image. For the ellipticity

determination, see x3.3

Y (r; �2) = B(b2r) +D(d2r): (8)

The coe�cients bi and di depend on the azimuthal angle �i and the ellipticities of the bulge

and the disk:

b1 =

s
1� (eB cos �1)

2

1� eB2
; d1 =

s
1� (eD cos �1)

2

1� eD2
; (9)

b2 =

s
1� (eB cos �2)

2

1� eB2
; d2 =

s
1� (eD cos �2)

2

1� eD2
; (10)

where ei is the eccentricity of the corresponding component, e =
p
1� (b=a)2. The solution

of equations (5) and (6) for the deprojected (i.e. face-on) bulge pro�le B(r) is

B(r) =

1X
k=0

W [(
d2b1

d1b2
)
k

r] (11)
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where

W (r) = Y (
r

b2
)�X(

d2r

b2d1
) (12)

The angle � = (�1��2) between vectors X and Y should be such that any information about

spiral arms, dust lanes and other ellipticity-scaled features is retained in both vectors, but

at the same time large enough so that the pro�les along X and Y are everywhere distinct.

For the galaxies of our sample, without very prominent features, an angular di�erence of

35� to 45� is su�cient. Initially, vector X is placed on the major axis of the galaxy and

vector Y is displaced by, say, 40� in the direction of the spiral arms, if they are present. The

bulge pro�le is then determined by equation (11). Then, keeping the angle � between them

�xed, we move the vectors by 1�, and determine the bulge pro�le again. This procedure

is repeated until the whole galaxy is covered. The vectors must always lie in the same

quadrant of the galaxy, though, so that the `e�ective' angle between them is always the

same. In other words, if the vectors lie on either side of the major or the minor axis

of the galaxy, then we are sampling two directions along which there is essentially no

scaling di�erence. For this reason, when vector Y reaches the major or the minor axis,

vector X changes to leading, instead of trailing behind Y. When the whole procedure is

�nished, the results of every angular step are averaged to give the �nal bulge pro�le. The

standard deviation of the averaged points is then used as an uncertainty estimate, and the

corresponding point of the �nal pro�le is weighted by this standard deviation in the �t

that will follow.

In summary, we sweep the galaxy azimuthally by 360�, searching for features that are

scaled by a certain ellipticity. The result is a very smooth, high signal-to-noise ratio bulge

pro�le. The basic demands of the method are that the bulge and disk are as distinct as

possible in ellipticity { i.e. we require galaxies with inclinations more than about 50�{

and that there are no other features that can signi�cantly a�ect the ellipticity, such as

prominent bars, polar rings and warps.

3.2 Testing of the algorithm

We test the ability of our algorithm to distinguish and retrieve a bulge component of a

certain ellipticity by applying it to arti�cial images of galaxies. A quick inspection of the

major axis pro�les of our galaxies shows that the outer parts are very well represented by

an exponential disk, whose extrapolated central surface brightness lies close to 16 K mag

arcsec�2for most of the galaxies. The scalelength of the disk shows also a small scatter.

Therefore we decided to model the disk using an exponential pro�le with central surface

brightness and scalelength �xed to 16 K mag arcsec�2and 25 arcsec respectively.

For the bulge, we have to use a more general form for the pro�le since we expect the

late-type galaxies to have a bulge that is closer to exponential than to the traditional

r1=4 law (Kent et al. 1991; Andredakis & Sanders 1994; de Jong 1995). This required

generic function was introduced by Sersic (1968) and has the form

�B(r) / (r=r0)
1=n (13)
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or, in intensity,

�(r) = B0 exp(�r=r0)1=n (14)

where B0 is the central surface brightness of the bulge, r0 a general scaling factor, and n

can take any positive value. Equations (13) and (14) describe a family of pro�les, whose

shapes depend on the value of n; as n becomes smaller, the pro�les fall o� more steeply

at large radii. For n = 1 we have a simple exponential and for n = 4 the well-known de

Vaucouleurs law.

In our arti�cial galaxies we vary all three
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Figure 2: Input unconvolved arti�cial bulge

pro�les (thick grey lines) and output from the

decomposition algorithm (dashed lines). For the

n-values of the output pro�les, see Table 2.

of the bulge parameters (B0, r0 and n) in or-

der to sample as big a range of bulge shapes

and sizes as possible. (Keeping the disk

�xed, this accounts also for the di�erent

B=D ratios.) The values of n that we use

are 1, 2, 4, and 6. Then, for each of these

values of n we use a number of di�erent

B0s and r0s. Since 27 out of our 30 galax-

ies have a B0 that lies between 12 and 14

K mag arcsec�2, we set the B0 of the arti-

�cial galaxies to have these two values af-

ter seeing convolution. (This means that an

r1=4 law, for example, has to have a B0 of

9.5 K mag arcsec�2in order for B0 to be 12

after seeing convolution.) The values for r0
that we use are 10, 18 and 25 arcsec. Pois-

son noise is then added to the images, at

a level comparable to that of the real data,

and �nally the images are convolved with

a Gaussian kernel to mimic the seeing ef-

fects. The whole procedure is repeated for

three di�erent disk ellipticities: 0.60, 0.75

and 0.82, corresponding roughly to inclina-

tion angles of 67�, 77�and 85� respectively. The ellipticity of the bulge is kept �xed to the

fairly representative value of 0.2; as will be shown in the next section, the decomposition

results are not very sensitive to the ellipticity of the bulge within the expected values (0.0

to 0.4). In Fig. 2 we show the input and output pro�les for n = 1; 2 and 4, and for both

bulge B0.

After applying our algorithm to these arti�cial images, we �t the resulting pro�les using

the seeing-convolved form of equation (14):

�c(r) = ��2 exp(�r2=2�2)
Z 1

0

�(x)I0(xr=�
2)� exp(�x2=2�2)xdx: (15)

In equation (15) � is the sigma of the point-spread function and I0 the zeroth-order modi�ed

Bessel function. The free parameters of the �t are B0, r0 and n. From the results of the

�tting, we draw the following conclusions.
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(1) The ability of the algorithm to detect and retrieve the bulge of a galaxy depends

only very weakly on the inclination angle of the galaxy and on the radial scale (r0) of

the bulge, within the range of values that we used for these parameters. In general the

results are slightly better for higher inclinations and larger sizes. In what follows, we �x

the ellipticity of the disk to 0.75, and the r0 of the bulge to 10 arcsec, a value that is fairly

typical for a real bulge.

Table 2: Simulations on arti�cial galaxies.

ninput B0 cuto� noutput

1 12.0 18.0 1.01

19.0 1.05

21.0 1.18

14.0 18.0 1.02

19.0 1.31

21.0 1.94

2 12.0 18.0 1.83

19.0 1.98

21.0 2.41

14.0 18.0 1.83

19.0 2.08

21.0 2.64

4 12.0 18.0 3.93

19.0 3.94

21.0 3.94

14.0 18.0 3.95

19.0 4.03

21.0 4.11

6 12.0 18.0 5.62

19.0 5.75

21.0 5.75

14.0 18.0 5.93

19.0 5.96

21.0 5.96

(2) Depending on the value of n, the algorithm reproduces excellently the shape and

the other parameters of the bulge, within a certain range of surface brightness. For the

larger values of n , in other words for pro�les close to the r1=4 law or even shallower, the

output pro�le is practically indistinguishable from the original one throughout the whole

radial range. For the smaller values of n (r1=2 law and exponential), the original pro�le

is again reproduced very accurately until a certain point; after that it begins to atten

o�, while the original pro�le continues dropping. This e�ect is easy to understand. The



50 Chapter 3. The shape of the luminosity pro�les of bulges

bulges with higher n fall o� much more slowly, and they give a detectable (i.e. higher

than the noise level) contribution even at large radii. The steeper bulges drop below the

noise level relatively soon, and the algorithm from there on detects only the background

noise. This, in combination with the disk light, produces a constant or slightly declining

low-level signal that is output also as `bulge'. The point at which this arti�cial attening

begins depends on the central surface brightness (c.s.b.) of the bulge, or, in other words,

on the prominence of the bulge relative to the disk. For B0 = 12 K mag arcsec�2, where

the bulge is 4 mag brighter than the disk in the centre, the output pro�le begins to di�er

from the input pro�le at around 19 K mag arcsec�2for the case of n = 1. For B0 = 14

K mag arcsec�2, though, this departure begins already at 18 K mag arcsec�2, and use of

points beyond this limit would cause the n of the output pro�le to jump suddenly to very

high values. In Table 2 we give a summary of these results in the form of output n as a

function of input n, B0 and cuto� magnitude. In general we can say that, if the results are

biased, this bias is one sided. A relatively faint low-n bulge would look like a high-n one

if we took into account data points beyond a certain surface brightness limit. A high-n

bulge, on the other hand, will always be reproduced as such, irrespective of the range of

points used. For conciseness, though, in the following analysis of the real data we will use

a limit of 18.5 K mag arcsec�2for all the bulges. For three galaxies in which the c.s.b. of

the bulge is only two magnitudes higher than that of the disk, namely UGC 9723, 9805

and 9914, we restrict the limit to 17.5, in accordance with the above results.

3.3 Assumptions and errors of the method

The key parameters in the whole pro-
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Figure 3: Typical run of ellipticity as a function

of radius. The two relatively constant regions are

taken to represent the bulge and disk ellipticities.

cedure are the ellipticity of the bulge and

the disk, and the basic assumption is that

these two components can be adequately

described by elliptical isophotes with con-

stant ellipticity, and common centre and

position angle. For disks that are non-

warped this is a fairly good approxima-

tion. For the bulge, this assumption re-

quires that its intrinsic shape be that of an

oblate spheroid, and this has to be justi-

�ed. For our bulges, we �nd that generally

the position angle outside the inner 3 arc-

sec is fairly constant. There is occasionally

some evidence for isophote twisting within

the inner 10 arcsec, but it does not exceed

2� in amplitude. There are two exceptions to this rule, UGC 9428 and UGC 9692, with

a twisting amplitude in the inner 12 arcsec of around 15�. These two galaxies appear to

have genuine triaxial bulges, since there are no spiral arms or dust lanes that could explain

the isophote twisting. Apart from these, the rest of the bulges are consistent with being

oblate. More important for the resulting shape of the surface brightness pro�le is the choice
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of bulge and disk ellipticities. A related question is whether we should use a constant or

a variable ellipticity for the bulge. The problem with allowing the bulge ellipticity to vary

is that it gets very di�cult to separate variations in bulge ellipticity from those in disk

ellipticity, and the de�nition of bulge and disk starts getting ambiguous. For this reason

the bulge ellipticity is kept constant. The way that this ellipticity is determined is shown in
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Figure 4: The e�ects of varying the disk and bulge ellipticities by their corresponding uncer-

tainties in the bulge pro�le of UGC 8764. The best-�tting n of the r1=n law is also given for each

case.

Fig. 3, where we plot the ellipticity of a galaxy's isophotes as a function of surface bright-

ness. In such a plot it is easy to make out two regions in which the ellipticity remains

practically constant; these two values are adopted as the ellipticities of the bulge and the

disk. Using this method, the bulge ellipticity close to the centre is usually overestimated,

and too much light is attributed to the bulge there. As a result, the disk pro�le usually

has a non-physical `hole' of negative values in the central 2 or 3 arcsec. The e�ect that this

has on the bulge pro�le, however, is very small, since in these regions the bulge is two or

more magnitudes brighter than the disk. When the ellipticity pro�le does not show these

two at regions, but rises rapidly from the centre towards an asymptotic value, we adopt

the minimum value as the bulge ellipticity.

In general, the ellipticity of the bulge is not easy to determine by any method, and

errors of the order of 30 per cent are possible. Moreover, ellipse �tting to our arti�cial data

shows that in general the ellipticity of the bulge will always be overestimated. Fortunately,

it turns out that the shape of the resulting bulge pro�le is relatively insensitive to the

adopted value for the ellipticity of the bulge. It is, however, very sensitive to the ellipticity

of the disk which, in contrast, is very well constrained by the data for our inclined galaxies;

it can be determined with an accuracy of 5 per cent or better. In Fig. 4 we show the

e�ects of varying the adopted ellipticities of the bulge and the disk by their corresponding

uncertainties on the bulge pro�le of UGC 8764. Fitting the pro�les using formula (15),
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we �nd that in the case of the bulge ellipticity the change in n is negligible, while for the

disk ellipticity the change is rather signi�cant. In particular, the underestimation of the

disk ellipticity produces drastic e�ects; this underestimation is easily detectable visually,

though, by the spurious at-bottomed dip that it causes in the middle regions of the bulge

pro�le.

Finally, we examine the e�ects of the
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Figure 5: The e�ects of varying the adopted sky

level in the bulge pro�le of UGC 8764.

sky subtraction on the resulting bulge pro-

�le (by `sky' we mean here the residual

background that is subtracted from the im-

age as a constant, after the primary sub-

traction of sky frames). Especially in the

K-band images this is important, since the

sky level changes on rather short time-scales

and this can result in uneven mosaicing,

i.e. a non-uniform sky across the image.

On our images there are not any signi�cant

residual gradients, but an over- or under-

estimation of the sky level is still possi-

ble. In Fig. 5 we plot the bulge pro�le of

UGC 8764 with the adopted sky level in-

creased and decreased by 5 and 10 counts.

Expressed in magnitudes, this corresponds to a change of roughly 0.2 and 0.4 K mag

arcsec�2above and below the adopted 18.84 K mag arcsec�2(this is the remaining sky after

the �rst-order sky subtraction). An error of 10 counts is somewhat larger than the largest

anticipated error in the sky value. It is easy to see that above the cuto� limit of 18.5 K mag

arcsec�2the change in the pro�le shape is small; the corresponding values of n are given

in the �gure. Concluding, we can say that the uncertainties in the disk ellipticity and in

the sky subtraction are the main sources of error in the resulting bulge surface brightness

pro�le. Quantitative estimates for these are made for each galaxy separately, and will be

given in the next section.

4 The shape of the bulge pro�les

Applying the decomposition algorithm to our images, we obtain the bulge pro�les shown

in Fig. A1. The pro�les are in general well behaved, and decline monotonically until the

surface brightness is too low to be distinguished from the background noise. From that

point on, at a surface brightness level around 19.5{20 mag/arcsec2, the output is a sum of

noise plus a very small contribution from the disk. The two barred galaxies are the only

ones that present abnormalities in their bulges pro�les: UGC 11401, with a bar aligned with

the disk, has a large hole in the middle parts of its bulge pro�le, while UGC 10856 shows a

prominent bump. Another pro�le worth mentioning is that of UGC 9499. This very large

galaxy (7 arcmin in diameter) is covered only as far as about one disk scalelength, with a

surface brightness at the edge of the image as high as 16.5 K mag arcsec�2. A simulation of
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Figure 6: The bulge pro�les and the �ts of the r1=n law of UGC 12691 and UGC 9428. Also

shown are the total surface brightness pro�les and the disk pro�les (subtraction of the bulge

pro�le from the total). The solid line indicates the surface brightness cuto� used for the �t.

the limited coverage of this galaxy showed that our decomposition would give an extended

shallow pro�le of the kind shown in Fig. A1 for the bulge, even with an input n of 1.0

(exponential bulge). For this reason, we exclude this galaxy from the subsequent statistics.

The results of �tting the bulges using formula (15) are given in Table 3. In columns (2)

to (6) we give the surface brightness cuto� for each galaxy, the corresponding radius (i.e.

R18:5), the absolute magnitude inside the cuto� radius (M18:5), the best-�tting power n and

its total error. In columns (7) to (11) we give the e�ective radius (Re�), the mean surface

brightness inside Re� , the total absolute magnitude of the bulge, the bulge to disk ratio

and �nally the reduced �2 of the �t. The parameters in columns (7) to (10) are determined

by integrating the actual pro�le until the cuto�, and then integrating an extrapolation of

the best-�tting r1=n law from the cuto� to the last measured point. This is necessary, if

we want to have realistic estimates of parameters referring to the whole bulge. For the

correlations with n, though, we use the radius and luminosity of the bulge inside the cuto�

(i.e. R18:5and M18:5), which are completely independent of n.

The disk pro�les shown in Fig. A1 are determined simply by subtracting the bulge

pro�le from the total major axis pro�le. In most cases they are very well represented by

exponentials except in the inner 1.5{2 arcsec; some disk pro�les display a sudden dip to

zero there. This is due to the ellipticity attributed to the bulge (see Section 3.3) and does

not a�ect the bulge pro�le at all. The disk magnitude used in the B=D ratio is determined

by straightforward integration of the pro�le until the last measured point.

The quoted error in n is estimated by varying independently the level of the sky that we

subtract and the ellipticity of the disk by their corresponding uncertainties for each image,

and then repeating the decomposition and �tting. The di�erence in the derived values

of n gives an estimate of the corresponding contribution in the error. The total error is

then the quadratic sum of these two contributions. We also tried to get an estimate of the
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error introduced by including more data points, by shifting the cuto� magnitude to 19.0.

The resulting change in the value of n is as a rule much smaller than the previous ones;

the same goes for the typical uncertainty in n given by the �tting program. In the few

cases where the last two uncertainties are signi�cant, they are added quadratically to the

total error. The results of changing the cuto� magnitude are also given in Table 2. As

a highlight of the �tting results, we give the bulge and disk pro�les of UGC 9428 (T =

2) and UGC 12691 (T = �2) that resulted from the decomposition in Fig. 6. We show

the �t to the bulge pro�le, and we also indicate the surface brightness cuto�. We can

see that the isophote twisting in UGC 9428 does not cause any observable abnormalities

in the bulge pro�le. The reason for showing the results for these two galaxies separately

is that they have identical disk ellipticities. Consequently, and taking into account the

results in Section 3.2, the striking di�erence in shape between these two pro�les cannot be

attributed to the decomposition method or to the values of its parameters. It has to be

real; the di�erent morphological types of the two galaxies already give a hint to the cause

of the di�erence.

The quality of the �ts is in general very good. The residuals, if any, are statistical

uctuations of very low amplitude. As noted also in Caon et al. (1993) the r1=n law gives

by de�nition better �ts to the light pro�les than any �xed power law like an r1=4 law or

an exponential. Its use is justi�ed not by the improvement of the �ts, but by the study

of the values attained by n, and the possible correlations that n can have with the other

parameters.

5 Discussion

5.1 Correlations of n with the bulge parameters

Immediately obvious from the results of Table 3 is the large spread of values of n. It ranges

from 0.8, i.e. even steeper than an exponential law, to 6.2, i.e. much shallower than the

r1=4 law. Bulges of spirals display a rich diversity as far as the shape of the light pro�le is

concerned, much in the same way as has been found for dwarf and for normal ellipticals, in

the studies of Binggeli & Cameron (1991) and Caon et al. (1993) respectively. (It should

be noted, though, that the highest value of n that we �nd for bulges is much lower than

that of Caon et al., who �nd values up to n = 17 for giant ellipticals). This diversity also

shows that use of a single law { like a de Vaucouleurs law or an exponential { to describe all

the bulges is unrealistic, and can lead to serious under- or overestimations of the physical

parameters of the bulge and the disk. The cause of this diversity can be either the inuence

of the other components of spirals, such as the disk and the halo, or an intrinsic feature of

this family of objects, which has to do with formation processes. Discrimination between

these two is di�cult. We can get some idea, though, by searching for any systematic trends

in this variety of pro�le shapes.

In Fig. 7(a),(b) and 8(a),(b) we plot n on a logarithmic scale versus the morphological

type of the galaxy, the bulge to disk ratio, M18:5and Reigh. In order to increase the range

of morphological types in our sample, we performed the simple major and minor axis
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Table 3: Results of �tting the r1=n law.

UGC cuto� R18:5 M18:5 n �n Re� SBe� Mbulge B=D �2

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

8764 18.50 2.14 -23.23 2.19 0.45 0.54 13.88 -23.33 0.25 0.38

8835 18.50 1.41 -20.83 1.98 0.39 1.45 17.74 -21.63 0.17 0.10

8866 18.50 2.46 -23.15 3.07 0.24 0.89 14.94 -23.38 0.35 0.11

8935 18.50 2.48 -23.18 3.07 0.20 0.83 14.78 -23.39 0.42 0.32

8958 18.50 1.98 -22.40 2.86 0.35 0.93 15.69 -22.72 0.24 0.09

9016 18.50 1.28 -21.84 2.52 0.25 0.46 14.83 -22.04 0.14 0.62

9187 18.50 0.74 -19.40 0.75 0.18 0.59 17.48 -19.92 0.16 0.01

9202 18.50 1.35 -21.70 1.53 0.21 0.48 15.13 -21.83 0.05 0.09

9357 18.50 3.54 -23.86 3.10 0.32 1.39 15.16 -24.12 0.26 0.21

9361 18.50 3.40 -24.23 2.28 0.31 0.82 13.80 -24.33 0.76 0.36

9399 18.50 4.99 -24.51 5.90 0.62 2.06 15.39 -24.75 0.93 0.21

9428 18.50 2.07 -23.19 1.30 0.27 0.77 14.71 -23.29 0.35 0.92

9462 18.50 1.92 -22.76 2.26 0.10 0.65 14.69 -22.93 0.16 0.03

9499 18.50 6.30 -24.91 4.10 0.43 2.43 15.57 -24.93 0.75 0.12

9692 18.50 3.78 -23.91 4.04 0.34 1.00 14.56 -24.01 1.24 0.10

9723 17.50 1.58 -22.08 3.98 0.91 0.60 15.04 -22.43 0.14 0.26

9726 18.50 2.08 -22.73 4.12 0.47 1.02 15.53 -23.08 0.37 0.46

9753 18.50 0.55 -19.45 2.21 0.31 0.23 15.68 -19.72 0.03 0.92

9805 17.50 3.10 -23.75 3.01 0.59 1.52 15.26 -24.22 0.08 0.53

9914 17.50 4.06 -24.56 3.29 0.26 2.85 15.77 -25.07 0.55 0.23

9971 18.50 2.55 -24.25 3.50 0.27 1.41 14.64 -24.67 0.39 0.07

10081 18.50 1.73 -23.00 2.21 0.34 0.46 13.76 -23.09 0.19 0.59

10856 18.50 3.15 -23.09 4.35 0.82 3.08 17.17 -23.84 0.34 0.11

11053 18.50 5.79 -24.89 2.59 0.36 2.24 15.21 -25.10 0.38 0.78

11401 18.50 1.25 -21.80 2.60 0.41 0.36 14.40 -21.92 0.14 0.16

12080 18.50 3.15 -24.26 1.32 0.12 0.87 13.95 -24.31 0.19 0.27

12115 18.50 2.36 -24.11 4.48 0.27 0.54 12.97 -24.24 0.35 0.20

12306 18.50 1.19 -21.19 6.24 1.44 0.85 16.50 -21.71 0.37 0.71

12442 18.50 0.88 -20.68 0.89 0.19 0.38 15.69 -20.80 0.04 0.04

12691 18.50 5.61 -24.83 3.27 0.28 2.06 15.07 -25.06 0.93 0.38

Columns in Table 3: (1) UGC number of the galaxy. (2) Cuto� magnitude for the �t.

(3) Corresponding radius in kpc (for galaxies with a cuto� at 17.50, the R18:5is determined by

extrapolation). (4) Total absolute K{magnitude inside the cuto�. Same remark as for R18:5. (5)

The best-�tting exponent n of the r1=n law. (6) Total error in n . (7) Half-light (e�ective) radius

of the extrapolated bulge pro�le in kpc. (8) Mean surface brightness inside Re� . (9) Absolute

K-magnitude (extrapolated) of the bulge. (10) Bulge to disk ratio. (11) The reduced �2 of the

�t.
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Figure 7: (a) The best-�tting n plotted (in logarithm) versus the morphological type of the

galaxy. The galaxies of our sample are represented by the �lled circles, the ones of Kent (1986)

by crosses. The open circles indicate barred galaxies. No error bars are given in this plot, for

clarity. (b) n versus bulge to disk ratio.

decomposition on the data of Kent (1986). His sample consists of 36 late type spirals, of

which 23 are suitable for decomposition using this method. The resulting bulge pro�les are

then �tted using the same procedure as the galaxies of our sample. The results for these

galaxies are given by di�erent symbols (x). The two barred galaxies of our sample, UGC

10856 and 11401, are indicated by open circles.

Fig. 7(a) shows clearly that there is a good correlation of n with the morphological type

of the galaxy. The mean value of n for the S0 galaxies of our sample (T = �3 to T = 0) is

3.7, with a standard deviation of 1.3. For types between T=1 and T=3 the mean value of

n drops to 2.4 with an s.d. of 0.66, and for types between T=4 and T=7 n drops further

down to 1.6 with an s.d. of 0.52. The scaling of the shape of the pro�le with morphological

type is quite clear. The earlier types are close to the de Vaucouleurs law, although the

scatter is large. This is more or less expected, given the morphological similarity between

S0s and ellipticals and the success of the r1=4 and the higher n laws in the description of

the latter. The scatter should also be expected, since it is well known that S0 galaxies

often su�er from misclassi�cations, present subclasses and are in general di�cult to �t into

a uni�ed evolutionary scheme (van den Bergh 1994 and references therein). As we move

towards the later types, the pro�les become steeper, and are on the average described by

an `r to the half' (r1=2) law. For Sc galaxies and later, the pro�les are very close to pure

exponentials. The signi�cance of the correlation is more than 99.9 per cent, making this

one of the strongest correlations found so far of a measurable parameter of a galaxy with

its morphological type. Fig. 7b shows that the correlation of n with the B=D ratio is
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almost as good as the one with the morphological type; this is natural, given that the

(apparent) B=D ratio is usually the basic criterion for the classi�cation of spirals. The

linear correlation coe�cient is 0.54 and the signi�cance level is 99.7 per cent. These strong

trends of n with type and B=D ratio are the main results of this paper. Although other

possibilities cannot be excluded, the most straightforward explanation for this trend is

that the presence of the disk a�ects the density distribution of the bulge in such a way

as to make the bulge pro�le steeper in the outer parts. One mechanism to produce such

an e�ect might be that a stronger disk truncates the bulge, forcing its pro�le to become

exponential. As we will see, this suggestion could also be used to explain the correlations

of n with the other parameters of the bulge, the absolute magnitude and the radius. For

these two parameters we will use M18:5 and R18:5 as mentioned before.
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Figure 8: (a) The best-�tting n plotted versus R18:5, taken to represent the radial extent of the

bulge. (b) n plotted versus M18:5, the integrated absolute magnitude of the bulge out to the last

point used in the �t of the r1=n law. Both M18:5and R18:5are n-independent.

Fig. 8(a) shows that there exists a slight correlation between n and radius, in the

sense that n becomes larger with increasing R18:5. The scatter, though, is rather large; the

linear correlation coe�cient is equal to 0.38 at a signi�cance level of 95.9 per cent. If we

exclude the bulge of UGC 12306 which has the largest value of n as well as the highest

uncertainty, the correlation becomes tighter, with a correlation coe�cient r = 0:47. The

trend is clearer in Fig. 8(b), showing how n correlates with the bulge absolute magnitude.

Again excluding UGC 12306, we �nd a coe�cient r of 0.54, at a signi�cance level of 99.7 per

cent. Although the scatter is large, we can conclude that n becomes larger with increasing

total luminosity and e�ective radius; the larger and more luminous a bulge is, the shallower

its pro�le at large radii. Caon et al. (1993) also found a trend of larger n with increasing

Re�and absolute magnitude for their sample of ellipticals and S0s. Binggeli & Cameron

(1991) found that the majority of dwarf ellipticals in the Virgo cluster are better described
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by exponentials, i.e. n approaches 1 for these galaxies. Therefore, one more important

similarity between bulges and ellipticals is revealed, just by dropping one of the traditional

links between these two classes of objects: the description by an r1=4 law. Bulges of spirals,

being closer in luminosity to the intermediate and the dwarf ellipticals, are also described

best by similar surface brightness laws. This comes in addition to the already known

kinematical similarities, i.e. the fact that bulges are fast rotators, as well as low-luminosity

ellipticals of high surface brightness; in contrast, the giant ellipticals do not rotate, and

are supported mainly by velocity anisotropy (Franx 1992 and references therein). What

causes this common behaviour?

There can be several possible explanations. There exists a common denominator, at

least in bulges and normal ellipticals: the presence of a disk. It has been realized by now

that most early-type galaxies have disks (Capaccioli, Caon and D'Onofrio 1992); the only

truly diskless galaxies are the giant ellipticals at the centres of clusters. The relative size of

the disk increases as we go from normal ellipticals to S0s, and then to early- and late-type

spirals. This could give rise to a bigger disk { lower n sequence, in the sense that brighter

ellipticals have relatively smaller disks and higher values of n than low-luminosity ellipticals,

just as happens with early- and late-type spirals. However, the relative size of the disk does

not vary smoothly with type for early-type galaxies. Disks in ellipticals are too small to

have such an e�ect on the brightness pro�le of the spheroid. In addition, dwarf ellipticals

have exponential pro�les without any indications so far for having signi�cant disks. So, it

might well be that the observed scaling of n for ellipticals is an intrinsic property of these

objects that depends only on parameters like the total mass or the size. This might be true

even for bulges; the strong scaling of n with B=D ratio, though, cannot be ignored. A full

exploration of the possible scenarios is beyond the scope of this paper; detailed theoretical

modeling is required in order to proceed further in this problem.

Finally, there is one more interesting point about the scaling of n with morphological

type. Pfenniger & Norman (1990) have proposed that many bulges are in fact inated bars.

It has also been argued (Kormendy 1992) that the bulges of later type spirals are in fact

`pseudo-bulges', formed by the accretion of disk material at the centre. If these late-type

bulges were indeed formed by completely di�erent mechanisms, we would not expect such

a smooth scaling of n; a bi-modal distribution would be more logical. The continuity in the

transition from r1=4-like to exponential-like pro�les that is actually observed �ts better into

a uniform rather than a bi-modal formation scenario for the bulges. An enrichment with

disk material has undoubtedly taken place to some extent; this extent is probably larger for

the lower B=D systems, and it might explain the observed di�erences in colours. The data

tend to indicate, though, that all the bulges (with the possible exception of the peanut-

shaped ones) formed by a common mechanism. Their surface brightness distribution was

probably modi�ed later, by the forces exerted by the stellar disk. We cannot claim that

by this continuity in the pro�le shapes we can reject the picture of late-type bulges being

formed by di�erent mechanisms. One can probably devise a scenario in which bulge-like

bars or pseudo-bulges can be a�ected by the disk or the halo in such a way as to create

this shape-sequence. We do, however, o�er an additional constraint in the whole picture

that should be accounted for in the models of galaxy formation and evolution.
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5.2 Bulges in the Fundamental Plane of elliptical galaxies

We have compared e�ective radii, e�ective surface brightness and absolute magnitudes

of bulges with those from the large sample of early-type galaxies of Bender, Burstein &

Faber (1992). To convert K-band luminosity and surface brightness to the B-band, used

by Bender et al., we �t a least-squares relation toMB as a function of B�V for the sample

of Bender et al. (1992). Then we use a relation between B � V and V �K, derived from

the aperture photometry of Persson, Frogel & Aaronson (1979) for all galaxies for which

they have data in both bands. The �nal conversion formula used is

B �K = 1:477� 0:1084 MK : (16)

This conversion probably introduces an error of a few tenths of a magnitude per galaxy,

but this is acceptable, when considering total magnitudes and surface brightness.
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Figure 9: (a) The Re�{ Mabs view of the Fundamental Plane. The bulges of our sample

are given by the index T of their morphological type. All the other symbols represent the

objects of Bender et al. (1992). Open triangles: normal ellipticals. Open squares: intermediate

ellipticals. Asterisks: compact ellipticals. Filled squares: faint ellipticals. Open circles: bulges.

The determination of Re�and SBe� is explained in the text. (b) The Re�{ SBe� view of the

Fundamental Plane. Symbols as in 7(a).
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Fig. 9 shows the relations between e�ective radius, e�ective surface brightness within

the e�ective radius, and absolute magnitude for all the objects. Bulges studied in this paper

are indicated by numbers coding the galaxy type T (from Table 1). The various groups

of galaxies from Bender et al. (1992) are indicated with di�erent symbols, as given in

the �gure caption. Fig. 9(a) shows the relationship between e�ective radius and absolute

magnitude. Most bulges in our sample fall in sequence with the rest of the bulges and

ellipticals in the plot. Outliers with low surface brightness include all Sbc galaxies, one

Sc and UGC 12306, an S0 with uncertain surface photometry. The rest of the points lie

slightly below (about 1 mag) the distribution of points for the other objects, but de�ne a

similar slope. A least-squares �t to the data for our bulges, excluding the objects mentioned

above, gives

MB = �19:75� 2:8 log Re� : (17)

Therefore, mean central (volume) density increases for lower luminosity bulges. Except for

the outliers (three Sbc and one Sb), galaxy types are well mixed in this diagram. Therefore,

the scaling of luminosity with e�ective radius appears to be largely independent of n, the

shape of the surface brightness pro�le, given that n correlates well with type. The process

which sets the observed scaling may well be independent from that which sets n.

Fig. 9(b) shows the relationship between e�ective radius and e�ective surface bright-

ness. As is the case for Fig. 9(a), most bulges in our sample fall in sequence with the rest

of the bulges and ellipticals. We �nd the same outliers as above. A least-squares �t to the

data for our bulges, excluding the above-mentioned outliers, gives

SBe� = 18:80 + 2:25 log Re� : (18)

The galaxies that deviate most from the line of elliptical galaxies are predominantly low-

luminosity bulges in late-type galaxies. Balcells & Peletier (1994) �nd that these de-

viant objects also deviate from the main colour{magnitude and from the colour gradient{

magnitude relations of ellipticals and old bulges: they are bluer, and show steeper colour

gradients. The deviations from the global parameter relations and from the colour{

magnitude relation may indicate a discontinuity in the density{luminosity relation and

in the stellar content along the Hubble sequence for types Sbc and later. This discontinu-

ous transition argues against an environmental e�ect (the presence of a bigger disk in late

types), and may be due to some speci�c feature of the formation of later type bulges. As

noted above, no such discontinuity exists for the dependence of the shape parameter n on

Hubble type: the steepening of the surface brightness pro�les toward late types is progres-

sive, and as such may be ascribed to an increasing e�ect of the disk. Whether bulges of

Sbc and later types deviate from the Fundamental Plane of early-type galaxies remains to

be seen, given the lack of velocity dispersions for our sample of bulges.

6 Conclusions

We introduce a two-dimensional extension of a bulge-disk decomposition method which

uses the di�erent ellipticities of these two components to extract the pro�le of the bulge.
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We then apply this method to a sample of early-type spirals, complemented with literature

data on later types. Our purpose is to study the shape of the luminosity distribution of

the bulges of these galaxies and to examine the possible correlations that it can have with

the global parameters of the bulge and of the galaxy as a whole. Our conclusions can be

summarized as follows.

(1) The bulges of spiral galaxies show a remarkable diversity in the shapes of their

light pro�les. The parameter that describes the shape of the pro�le, the exponent n of

the best-�tting power law, can have values that range from smaller than 1 (steep, close to

exponential) to greater than 6 (shallower than the r1=4 law). Therefore, the use of a single

�tting law like a de Vaucouleurs law or an exponential is inadequate for the description of

the bulge pro�les in a sample of galaxies covering a wide range of morphological types.

(2) The shape of the bulge pro�le correlates well with the morphological type of the

galaxy and with the bulge to disk ratio. Bulges of S0s are closer to an r1=4 law, while bulges

of late-type spirals are closer to exponential; there is a smooth transition between these

two extremes. This suggests that the luminosity distribution of the bulge is a�ected by the

presence of the disk in a systematic way: the larger the relative size of the disk, the steeper

the bulge pro�le at large radii. The continuity in the spectrum of n might also imply that

it is unlikely that the bulges of late type spirals were formed by a di�erent mechanism from

the ones of early types. Shape also correlates with the total luminosity of the bulge, in

the sense that n is larger with increasing absolute magnitude. This is one more common

characteristic between bulges and elliptical galaxies of comparable luminosity. It shows

that, at least as far as the shape of the surface brightness pro�le is concerned, early-type

bulges are more similar to elliptical galaxies than the late{type ones. Regarding global

photometric parameters, bulges as late as Sb fall on the same Re�{MB and Re�{SBe�

relations as ellipticals, whereas later types appear to depart systematically from these

relations.
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A Plots of the bulge pro�les

Here we give the bulge pro�les that resulted from our decomposition, together with the

total major axis pro�les of the galaxies, the disk pro�les (resulting from the subtraction of

the bulge pro�le from the total) and the �ts to the bulge pro�les. The best-�tting n of the

r1=n law is also given for each galaxy. The pro�les are also available in tabular form from

the authors.
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Figure 1: Plots of the results of the decomposition and �tting. The bulge pro�le is given by the

open circles, the total pro�le by the thin solid line and the disk pro�le by the dotted line. The

�t of the r1=n law to the bulge pro�le is given by the thick solid line.
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Figure 1: Continued
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Figure 1: Continued
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Figure 1: Continued
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B PSF of the observations

Here we give the pro�le of the point-spread function (PSF) as measured using bright stars

in the �eld of four of the galaxies of the sample. The Gaussian best �tting Gaussians

and the corresponding full-width at half-maximum are also given. Notice the absence of

any large exponential \wings" in the PSF, that would seriously a�ect the measured bulge

pro�les in the center.
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Figure 1: The PSF of the observations, measured by stellar pro�les in the frames. Dashed lines:

The best-�tting Gaussian.





Chapter 4

The e�ects of a disk �eld on the
bulge surface brightnessy

Collisionless N-body simulations are used in an e�ort to reproduce the observed tendency

of the surface brightness pro�le of bulges to change progressively from an R1=4 law to an

exponential, going from early to late type spirals. A possible cause for this is the formation

of the disk, later in the history of the galaxy, and this is simulated by applying on the N-

body bulge the force �eld of a exponential disk whose surface density increases with time.

It is shown that n, the index of the Sersic law �n(r) / exp[�k(r=r0)1=n] that best describes
the surface brightness pro�le, does indeed decrease from 4 (de Vaucouleurs law) to smaller

values; this decrease is larger for more massive and more compact disks. A large part of

the observed trend of n with B/D ratio is explained, and many of the actual pro�les can

be matched exactly by the simulations. The correlation between the disk scalelength and

bulge e�ective radius, used recently to support the `secular evolution' origin for bulges, is

also shown to arise naturally in a scenario like this. This mechanism, however, saturates at

around n = 2 and exponential bulges cannot be produced; as n gets closer to 1, the pro�le

becomes increasingly robust against a disk �eld. These results provide strong support

to the old-bulge hypothesis for the early-type bulges. The exponential bulges, however,

remain essentially unexplained; the results here suggest that they did not begin their lives

as R1=4 spheroids, and hence were probably formed, at least in part, by di�erent processes

than those of early type spirals.

1 Introduction

The question of when the bulges of spiral galaxies formed and by which mechanism, remains

open. We can distinguish in general two opposing ideas on the subject. According to the

�rst one, which might be called the traditional picture, the bulge formed well before the disk

of the galaxy, as the �rst stage of the collapse of a galaxy-sized density perturbation. This

is advocated by the ELS scenario for galaxy formation (Eggen, Lynden Bell & Sandage,

1962) and its modern revisions, such as bulge formation through infall of enriched gas from

yY.C. Andredakis, Mon. Not. R. Astron. Soc. in press (1997)
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the star-forming halo (Carney et al. 1990). Other `early bulge' scenarios are the ones

by Kau�mann, White & Guiderdoni (1993) and Baugh, Cole & Frenk (1996), in which

bulges form by merging of stellar disks inside hierarchically merging dark halos. In this

last scheme the disk that we see today is assembled later by gas accretion.

These scenarios are supported by a body of evidence regarding the age of bulges. The

main tracers of the bulge population are as a rule old objects such as RR Lyrae stars,

planetary nebulae and globular clusters. Based on age determinations using stellar popu-

lations, the bulge of the Milky Way galaxy seems to be as old as the oldest globular clusters

(Ortolani et al. 1995). Metallicity studies of extragalactic bulges (Jablonka et al. 1996),

velocity �elds (Kormendy & Illingworth 1982), and the high central surface brightness of

bulges also point toward a formation by dissipational collapse, before the stellar disk or

perhaps even the halo was formed.

On the other hand, it has been shown that a bulge can be formed after the disk, through

secular evolution phenomena. Numerical experiments (Combes & Sanders 1981, Combes

et al. 1990, Norman, Sellwood & Hasan 1996) have shown that bulges can be created by

dissipationless processes such as the thickening or destruction of a bar, and many bulges

display the characteristics expected in such formation scenarios (peanut shape, cylindrical

rotation etc). Furthermore, there does not appear to be a signi�cant di�erence between

disk and bulge in terms of colours (Balcells & Peletier 1994) and many bulges display

disk-like kinematics (Kormendy 1992).

If the disk is the one that formed later, it is quite probable that its formation has left

a signature on some of the properties of the pre-existing bulge. An indication of such a

signature may be the surface brightness pro�le of the bulge, as considered by Andredakis,

Peletier and Balcells (1995), hereafter APB95. In general bulges can be described by laws

belonging to the family �n(r) / exp[�k(r=r0)1=n] (Sersic 1968) where �(r) is the surface
brightness as a function of radius, k is a normalization parameter, r0 is a general scalelength

and n can take any positive value. APB95 found that the surface brightness pro�le has a

di�erent shape depending on the morphological type of the galaxy and|subsequently|on

the bulge-to-disk ratio; more speci�cally, that the index n of Sersic's law changes smoothly

and systematically from values of 4 or bigger down to 1 as we go from early to late-type

spirals. This e�ect has since been con�rmed by de Jong (1995) and Courteau, de Jong

and Broeils (1996) on top of the indications that already existed (Frogel 1988, Kent, Dame

& Fazio 1991, Andredakis & Sanders 1994). Recently, indications of this behaviour were

found also in the kinematics of spirals (Heraudeau et al, 1996). The systematic change of n

was interpreted as an imprint of the disk formation and this implied that the disk formed

later than the bulge in all these di�erent types of spirals.

In this paper, it is attempted to con�rm by an N-body simulation of this process whether

this change in n is indeed the signature of a disk forming around the bulge. Assuming that

the `proto-bulge' is an equilibrium system following an R1=4 law, a slowly strengthening

disk �eld is introduced and the e�ects (if any) that this has on the bulge surface brightness

pro�le are studied. The paper is organized as follows: Section 2 describes the set-up of

the N-body models, the diagnostics used and the study of the inherent stability of the

models. The results of the evolution of a template model with a disk are presented in

detail in Section 3, and the e�ects of the presence of a dark halo are examined. In Section
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4 the results of the simulations are compared to the observed trends, and the evolution

of bulges with di�erent initial density laws is described. A short discussion of the bulge

formation scenarios in light of the results in this paper is given in Section 5, and �nally

the conclusions are given in Section 6.

It should be noted here that the response of an N-body bulge to the formation of a

disk has been studied before by Barnes & White (1984), hereafter BW84, but from a

somewhat di�erent point of view. They attempted to determine whether bulges were more

like ellipticals in the past, before the disk was created; in this paper, the emphasis is put

on trying to �nd traces of the disk formation in present-day bulges.

2 N-body realizations of bulges

2.1 Construction of the N-body models

In the simulations described, any evidence of late formation of the late-type bulges is for

the moment ignored. As mentioned in the previous Section, it is assumed that the bulge is

already in place when the disk begins to form, and the results will test this hypothesis. It is

further assumed that the surface brightness pro�le of the `proto-bulge' follows an R1=4 law.

It has been shown (van Albada 1982, Theis & Hensler 1993) that the collapse of density

clumps and the subsequent violent relaxation produces R1=4 law spheroids, and the bulges

of S0s, that are supposedly less a�ected by the disk due to their greater mass, are very

well represented by R1=4 laws. The conclusions do not depend heavily on this assumption,

as other forms for the initial shape of the pro�le will also be used.

The problem of constructing equilibrium models that follow a certain law (R1=4, R1=2,

exponential or anything else) is essentially one of calculating the distribution function (DF)

that self-consistently generates the required surface brightness pro�les. The calculations

here are based on systems that are initially isotropic and spherical, i.e. the DF is a function

of energy only, f = f (E). Rotating models are constructed by imposing a certain amount

of rotation on the already existing isotropic models, following BW84. Oblate models will

not be considered in this study; constructing detailed, oblate rotating spheroids that follow

a certain density law ab initio is still a di�cult computational problem and lies somewhat

beyond the scope of this paper.

For the particular purpose here, i.e. to examine changes in the surface brightness pro�le,

the requirement is that the initial models should follow theR1=4 law exactly. There are some

self-consistent models in the literature with analytical expressions for the space density and

the DF, which approximate the R1=4 law in projection, such as the 3=2 model of Dehnen

(1993) (or �3=2 in the notation of Tremaine et al., 1994). However, their approximate

nature introduces large uncertainties in the determination of the best-�t n. Therefore, the

density of the models in this study is a deprojection of the R1=4 law. The density and

the potential are calculated numerically and the DF is subsequently calculated using the

method of Binney (1982). This allows the construction of spherical isotropic models with

any desired density law. Inverting the relation between the density �(r) and the DF f (E)
(Eddington's formula), and then using Poisson's equation to substitute the derivatives of
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the density with respect to the potential, one �nds that

f (E) = 1p
8�2

Z E

0

d2�

d	2

d	p
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�2
r
� 4�� r2
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�i
: (2)

	 and M are the potential and the mass as a function of radius, and E is the relative

energy, de�ned as E = 	(r)�v2=2. This expression is integrated numerically to obtain the

distribution function for the anticipated values of the relative energy E . The construction
of the N-body model is then straightforward. Using the rejection method, a random radius

is attributed to each particle such that the desired surface brightness is generated; then,

a velocity is assigned to each particle according to the DF at that particular radius. In

calculating the potential 	, a softening parameter � is introduced, whose value is equal

to the softening length used in the N-body code for the calculation of the force (i.e. the

potential is no longer exactly Newtonian). The use of this potential softening parameter in

the building of the initial model helps to avoid e�ects like the `smearing' of central cusps in

the density distribution that are common in N-body experiments (see for example the time

evolution of isolated Hernquist models in Navarro, Eke & Frenk (1997) or the equivalent for

Evans models in Kuijken & Dubinski (1994)). Therefore, the expression for the potential

that is used in equation (1) is

	(r) =
M(r)

r + �
+ 4�

Z 1

r

r�(r)dr (3)

where M and � are the mass and density of the bulge at radius r.

Finally, rotating models are constructed by introducing a term that involves the z-

component of the angular momentum in the isotropic DF. This rotating DF has the form

f(E ; Jz) = fiso exp(Jz) (4)

where fiso is the DF of eq. (1). This general form of DF was used fairly successfully

by Jarvis and Freeman (1985) to �t the bulge kinematics of edge-on spirals. In e�ect,

this favours velocity distributions that are skewed toward high positive v�. The N-body

realization is constructed as before; the di�erence is that since the DF is not odd in Jz,

the integral of f in velocity space does not give back the initial density and the model is

no longer completely self-consistent. Therefore, the initial system is allowed to relax for

several dynamical times before applying the disk �eld. The result for values of  � 1 is still

a spherical bulge that has practically the same surface brightness and velocity dispersion

pro�le but with streaming velocities around the z-axis (v�) that rise linearly with radius

and reach a constant value at around 1.5Re� (Here and in the rest of this paper, Re� stands

for the radius that contains half of the total number of particles, in projection).
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Table 1: Parameters used in the treecode

Mass of the bulge 1. (�1010M� )

E�ective radius 1. (kpc)

Gravity constant (G) 1

Particles 32768

Timestep 0.025

Total time 300 units (1.5 Gyr)

Opening angle � 1�

Softening length 0.02

2.2 Diagnostics and stability of the models

The parameters of the bulge models of most interest are the ellipticity, the e�ective radius

and, of course, the index n of the best-�tting power law of the surface brightness pro�le.

The ellipticity is determined as described in Dubinski and Carlberg (1991) and Katz (1991),

by diagonalizing the inertia tensor

Mij =
X xixj

�2
; where �2 = (x2 +

y2

q2
+
z2

s2
): (5)

If we denote the length of the three principal axes of the bulge along the x, y and z-

directions with a, b anc c respectively, then q = b=a and s = c=a. To compute the desired

axis ratios q and s it is assumed that to a �rst approximation they are both equal to 1.

Then Mij is brought to diagonal form, and q and s are determined from

q = (
Myy

Mxx

)
1=2

and s = (
Mzz

Mxx

)
1=2

(6)

These values are then substituted back intoMij and the procedure is repeated until conver-

gence to the desired tolerance is achieved. In this way one has both the direction cosines of

the principal axes (i.e. the position angle) and the axis ratios with an accuracy of around

1{3% for the 10000 to 30000 particles that comprise the models. From this point on, the

axis ratio c=a will be used in place of the ellipticity � to show the changes in the shape

of the bulge. The surface brightness pro�le is determined simply by looking at the model

face-on (in case the attening is non-zero) and measuring the projected distribution of

particles in circular annuli. (For better statistics, a logarithmic spacing in radius is used.)

Knowing the total number of particles, the e�ective radius is then immediately available.

Finally, a function of the form �(r) = �0 exp(�r=r0)1=n is �tted to the pro�le, leaving all

three parameters (�0; r0 and n) free. This way n is determined, and we have a consistency

check between the (properly scaled) r0 from the �t and the directly determined half light

radius. For the �t the points are weighted by the Poisson error 1=
p
N where N is the

number of particles contained in each annulus. If an equal weighting is used instead, the

di�erence in the resulting n is not more than 2%.

To evolve the models in time, an N-body treecode (Barnes & Hut 1986) is used. The

parameters used in a typical run are given in Table 1. The system of units used is M = Re�
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= 1. For the scale of the systems studied here, it is convenient to attribute 1 kpc to the unit

of length and 1010M� to the unit of mass and they will be referred to as such from now on.

The timestep (0.025) is chosen such that it is small compared to the bulge dynamical time

at about r = 0:1 kpc. The timestep is given by dt ' �=hu2i1=2, where hu2i is the velocity
dispersion at r = 0:1 kpc, and � is the softening length. This is the minimum radius of

interest in these systems at the moment; it would correspond to 0.5" or, roughly, the size

of one pixel for the distances of the galaxies studied in APB95. This radius (0.1 kpc) will

be a lower limit in the subsequent calculations of the surface brightness pro�le parameters.

Most of the calculations are done only to monopole accuracy in the determination of the

potential; a few test runs showed that due to the high degree of symmetry of the system

there is no perceptible di�erence in the results if the (time-consuming) calculation of the

quadrupole terms is omitted.

3 Evolution of models with a disk

3.1 Remarks on the evolution of a generic model

Before applying any external �eld to the bulge models, it is necessary to ensure that the

models are stable when left to evolve by themselves. In general, one would expect these

systems to be stable both against radial and non-radial perturbations, since the distribution

function is everywhere positive and also df=dE > 0 (Antonov 1962, Doremus et al. 1971).

However, small spontaneous changes in the structure of the system, especially at small

radii, happen very often, mostly as a result of gridding or softening e�ects. The initial

R1=4 bulge is thus left to evolve in isolation for an amount of time equal to the one that

used for the runs with the disk, and the evolution of the axis ratio, the e�ective radius and

the index n is monitored.

Both rotating and non-rotating models are satisfactorily stable in all their parameters.

The uctuations in n, the axis ratio and the e�ective radius are all less than 2% at all

times, and for the entire range of radii. A radial run of these parameters at the end of this

isolated evolution will be given later, along with the results of the disk models. With the

adopted values for the time step and the softening, the total energy as well as the angular

and linear momentum are conserved to 0.1% or better,

In applying the disk �eld, the same technique is used as in Barnes & White (1984).

The potential of an in�nitesimally thin disk with an exponential surface density, having a

total mass Md and a scalelength hd is given by

	d(R; z) = �MdG

Z 1

0

J0(kR)

(1 + k2h2
d
)3=2

e�k(z
2+a2)1=2dk (7)

where a in the equation above is a softening parameter, used to avoid discontinuities in

the vertical force. A value of a = 0:05 is used throughout; the results do not show any

dependency on a, for values between 0.1 and 0.01. The radial and vertical forces for hd=1

and Md=1 are calculated on a 300�300 logarithmic grid in R and z. The �eld can then be

easily scaled for other values of hd and Md. The force at any position is obtained by linear

interpolation in this grid.
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Figure 1: The evolution of the particles of the bulge, seen edge-on, at intervals of 20 time units.

The boxes are 10kpc on a side. The snapshots are undersampled by a factor of 2.
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Figure 2: Time evolution of the basic bulge parameters during the simulation. The increase of

the disk mass is shown in the top panel. The index n and the axis ratio are determined using all

the particles in the radial range 0:1 < r < 5Re� .

The increasing density of the disk is reproduced by making the total mass increase as

a function of time and approach asymptotically its �nal value as

Md(t) =Md(1� exp(t=�)) (8)

The timescale � used for the growth of the disk is 100 units or 0.5 Gyr, in general accordance

with the disk formation timescales in the current picture of galaxy formation (e.g. Fall and

Efstathiou 1980).

The particle positions of a `generic' bulge, with M = Re� = 1 and following initially

a de Vaucouleurs pro�le, are shown in Fig. 1, while a disk of mass 1011M�(B/D = 0.1)

and a scalelength of 4 kpc is grown from t = 10. The particles are shown projected on

the x-z plane (i.e. with the disk seen edge-on), at time intervals of 20 units. (Let it be

stressed again here that the units used are conventional. The following results hold for any

bulge-disk system with a B/D ratio of 0.1 and a hd/Re� ratio of 4.) It can be seen that the

bulge has reached an almost steady state already at around t = 150. This can be seen also

in Fig. 2, showing the evolution of the bulge parameters|n, Re� and axis ratio c=a|as a

function of time. Their evolution is analogous to the applied disk force: they change rapidly

in the beginning, and approach asymptotically a �nal constant value after about 1.5 disk-

growth timescales. Fig. 3 shows the initial and �nal surface brightness pro�le, streaming

velocities (v�) and line-of-sight velocity dispersion as a function of radius. The data points

with the error bars in the v� and the velocity dispersion plots are the kinematics of the

bulge of NGC7814. This is one of the few galaxies with detailed bulge kinematics available

(Kormendy & Illingworth 1982) as well as optical and near-infrared photometry (van der

Kruit & Searle 1982 and Wainscoat et al. 1990 respectively). It is a spiral galaxy of type

Sab, with a bulge seen nearly edge-on and an e�ective radius of �1.7 kpc, and thus almost
ideal for modeling. Still, these data are not to be compared directly to this particular
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Figure 3: Top Left: The surface brightness pro�le of the bulge before (crosses) and after (circles)

the growth of the disk. The errors are as a rule much smaller than the size of the data points (�

0.03 in log�). The best-�t laws are given as thin and thick solid lines respectively. In this plot

the radius axis is scaled as R1=4, so that the de Vaucouleurs law is a straight line. Bottom Left:

Same as before, in linear scale. Top right: The streaming velocities (v�) before and after the disk.

(No model data points are given in this and the next plot, to avoid confusion.) The dashed line

represents the non-rotating models; the �nal curve is identical to this one. The thin and thick

solid lines represent the initial and �nal state of the rotating models ( = 1). The data points

are the kinematics of the bulge of NGC7814, and the dotted curve is the same as the �nal v� of

the model (thick solid line), scaled to a total mass of 1.7 units. Bottom Right: The line-of-sight

velocity dispersion of the bulge. The line types are the same as in (b); the non-rotating models

are omitted here, as their velocity dispersion is almost identical to that of the rotating ones.

simulation and are given here only as an indication of whether or not the models are an

adequate representation of real bulges. The results in Figs. 1, 2 and 3 can be summarized

as follows:

(i) The bulge is attened, as expected. Seen edge-on, the minor to major axis ratio

(c/a) decreases going outward from the center and its �nal value (measured using all the

points within 5Re�) is 0.65. The e�ective radius has decreased to 0.78, from an initial value

of 1.0. There is no signi�cant di�erence in these parameters between the isotropic and the

rotating model, although the outer isophotes of the rotating model (not shown) appear to

be less disky than the ones of the isotropic; i.e. the rotating bulge is slightly less responsive

in this respect.

(ii) The surface brightness pro�le has indeed steepened in the outer parts. The initial
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value of the index n was 4.03 (de Vaucouleurs law), and the �nal value is niso = 2:65�0:25.

The value for the rotating model is practically identical, nrot = 2:66� 0:23. These values

are measured in the radial range 0:1 < r < 5Re� , somewhat larger than the range used to

�nd the n values in the observations of APB95. The dependence of the value of n on the

range of points used, is discussed later.

(iii) The maximum value of v� has increased by about 30%, and the velocity dispersion

has increased also by a similar amount. For the rotating model (and, in the case of velocity

dispersion also for the isotropic one) both these pro�les are quite similar in shape with the

ones of NGC7814. In fact, all that is needed to match the observed velocities and velocity

dispersions almost exactly, is a simple scaling of the total mass of the model to 1:7�1010M�,

i.e. an increase by a factor of 1.7. (dotted line in Fig. 3b and 3c). The v� curve falls slightly

short of that of NGC7814 at the last point, but this can be explained by the larger e�ective

radius of the bulge of this galaxy (1.7 as compared to 0.8 in the model). This scaling is

not intended to reproduce exactly the kinematics of NGC7814; it only serves to show that

assuming a reasonable value for the mass, the kinematical properties of the model are

similar to those observed.

The e�ects on the kinematics will not be considered any further. They have been ex-

tensively studied by BW84, and the main purpose of this paper is to examine the e�ects

on the surface brightness. Su�ce it to say that the kinematics of the models are satisfac-

torily compatible with the observed properties of real bulges. Finally, in view of the very

similar response of the isotropic and the rotating models in terms of surface brightness,

structure and velocity dispersion, the remainder of the discussion will be con�ned to the

non-rotating models. The rotating models are admittedly more realistic, but at the price

of many arbitrary assumptions concerning the form of the DF and the value of  adopted

in the angular momentum term.

3.2 Radial dependence of the parameters and e�ects of di�erent

disk growth modes

It is important to establish how parameters such as n and axis ratio of the models depend

on the radial range of points used to determine them. Fig. 4 shows the run of n and the

axis ratio c=a as a function of the radius within which they are determined, for the �nal

state of the bulge and for two di�erent combinations: an extended disk (the one of the

previous section, with a scalelength of 4 kpc) and a more compact one, with a scalelength

of 1.5 kpc, with the same mass. As one would expect, the e�ect of the compact disk is

more localized in n, with a broad minimum between r=1.5 and r=3, corresponding to 3

and 6 Re� respectively. The extended disk causes the opposite e�ect. The central parts

of the bulge are now relatively denser and hence more resistant to the �eld of the di�use

disk. This results in a local maximum in n, which then declines and �nally levels o� at

around r = 4, or 5Re� for this bulge.

Considering these results, it is best to determine n within 5Re� for all the bulges, as

a best compromise between extended and compact disks. This limit ensures that enough

particles are included for a good signal-to-noise ratio and it is also quite comparable to
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that of actual observations, since the brightness limit of 18.5 Kmag/arcsec2 used by APB95

to calculate the n of their bulge pro�les corresponds usually to 3-4Re� . (The fact that a

surface brightness limit corresponds to a roughly constant multiple of the e�ective radius

is due to the di�erences in total luminosity between the bulges; those with the smallest

e�ective radii are also the less luminous).

With respect to the axis ratio, the two disks yield quite similar results. For consistency,

the axis ratio is measured within 5Re� as well|this radius usually includes about 75% of

the particles.

The dependence of n on the inclination of the system and on the angular resolution

used to measure the surface brightness pro�le are shown in the last two panels of Fig. 4.

The �nal snapshot of the bulge (with an n of 2.65) is considered in this experiment. As

the inclination increases, n shows a slight tendency to decrease; the n at an inclination

of 90� is about 5% smaller that the one measured face-on. This e�ect, however, does not

appear to be signi�cant as it lies well within the error bars, and similar behaviour is also

observed in the initial|spherical|model used for this simulation. The same applies to the

trend of n with the angular resolution. Made to simulate observations of bulges that lie

progressively further away, (and using a linear grid in radius instead of a logarithmic one)

this experiment shows that even when the resolution element (a `pixel',e.g.) is half the

e�ective radius, the n of the pro�le can still be retrieved, albeit with a larger uncertainty

(provided of course that the bulge can be traced out to 4 or 5 e�ective radii).

As mentioned also in BW84, the �nal state of the bulge should in principle be inde-

pendent of the way that the disk was formed, as long as the process is adiabatic; in other

words, if the timescale � of the disk growth is large compared to the dynamical time of the

bulge. The dynamical time of a system with a mean density � is given by

tdyn =

r
3�

16�
=
�

2

s
r3

M(r)
: (9)

For the present model, this gives a tdyn at the (initial) e�ective radius of approximately 5

time units, or 107 years. Keeping always within the limits of adiabaticity, this assumption

is tested by growing the same disk as in the previous section in a timescale twice as long,

� = 200. In addition, a linear instead of an exponential increase in mass is tried, as well

as a gradual increase of the scalelength hd from 1.5 to 4 kpc, corresponding to a disk that

grows from inside out, according e.g. to the early models of Larson (1976). These last two

growth modes and their results in terms of axis ratio, e�ective radius and n are shown in

Fig. 5. The hypothesis of the independence of the �nal state of the bulge on the details

of the disk formation seems to be justi�ed. The �nal equilibrium parameters of the bulge

are the same within their uncertainties, despite the signi�cant di�erences at intermediate

times. Finally, the standard test of removing slowly the disk �eld from the �nal state of the

bulge is done. As shown in Fig. 5, the bulge regains fully its original form and parameters,

losing any `memory' of the external potential.
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Figure 4: (a), (b) The values of n and � as a function of the radius within which they are

determined. Solid line: Final snapshot of model without a disk. Dashed line: disk with a

scalelength of 1.5 kpc. Dot-dash line: Disk with a scalelength of 4 kpc. Diamonds on top of

each model mark the 5Re�point. A typical error bar in n is shown in the top panel. (c) The

dependence of the measured n on the inclination of the galaxy, in degrees. (d) The dependence

of n on the resolution of the grid (i.e. the `pixel size') used to measure the surface brightness.

The grid is linear in this case, and the resolution is in units of Re� . Plots (c) and (d) refer to the

simulation with hd = 4 kpc.

3.3 Dark Halo and non-adiabatic disk.

For completeness, it is necessary to examine the e�ects of a dark halo on the above results.

It is customary to say that the halo dominates the dynamics of the galaxy only in the

outer parts; however, since the inferred ratio of dark to visible matter varies a lot from

galaxy to galaxy, it is possible that a su�ciently massive halo can have drastic e�ects on

the response of the bulge to external �elds. It has been more or less accepted in the last

few years that dark halos in cosmological N-body simulations follow a 1=r density law in

the center (Dubinski & Carlberg 1991, Salucci & Persic 1996, Navarro et al. 1996). The

density at large radii is still under debate, but this is not very important in this study.

Therefore, one may use the particularly simple form suggested by Hernquist (1990). The

density of this halo is

�H(r) =
MH

2�

�

r

1

(r + �)3
(10)

where MH and � are the mass and the scalelength of the halo. The density falls o� as

1=r at small radii and as 1=r4 in the outer parts. This form of halo has been shown to

give good �ts to extended rotation curves of spirals (Sanders & Begeman 1994). To make
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Figure 5: Time evolution of the bulge parameters|n, e�ective radius and axis ratio|as the disk

mass, shown in the top panel, increases in di�erent ways to the same �nal value: Asymptotically

with an increasing disk scalelength (solid line in all panels) and linearly with time (dot-dashed

line in all panels). Notice the same �nal value of n, Re� and c=a for these two cases, despite the

di�erences at 0 < t < 150. The dashed line shows the evolution of the bulge when the disk �eld

is decreased back to zero.

bulges that are in equilibrium inside such a halo, one simply adds the appropriate potential

term in the DF, i.e.

	(r) = 	bulge +
GMH

r + �
(11)

The model is constructed as before, and the halo potential is added to the force calculation

in the treecode. The rest of the procedure is the same, and the bulge-disk con�guration

is the same as in x3.1. The system is evolved for three di�erent values of the mass of the

halo, namely for a total dark-to-visible mass ratio of 5, 10 and 30. The value of � is kept

�xed to 70 kpc, according to the ��Mdisk relation found by Sanders & Begeman (1994).

The parameters of the bulge at the end of the simulation are given in Table 5.

It is obvious that the halo, depending on its mass, can have signi�cant e�ects of the

�nal outcome. The deepening of the potential well (reected on the much higher velocity

dispersion) o�ers additional support to the bulge, making it less responsive to the �eld of

the disk. At the limit where the halo is extremely massive, the bulge can become completely

insensitive to the disk �eld. The current estimates for the ratio of dark to visible mass for

normal spirals within the optical radius, lie around a value of 1.0 or less (Salucci & Persic

1996); for the halo used here this implies a total mass of 10 times the luminous mass, or

100 in the units of Table 2. For these values, the results for the bulge are not signi�cantly

changed, and our previous analysis is still valid. It should be stressed here, however, that

this halo is not `live'; it is represented only by a potential. A real halo would also respond

to the potential of the disk, and this could have an e�ect on the �nal result that cannot be

readily anticipated. The response of fully realized bulge-halo systems is deferred for future

work.
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Table 2: The e�ect of halos of di�erent mass

Mhalo Re� c=a n (�n)

(1) (2) (3) (4)

0. 0.75 0.65 2.65 (0.25)

50. 0.79 0.71 2.70 (0.17)

100. 0.86 0.77 2.87 (0.22)

300. 0.95 0.89 3.24 (0.31)

Columns in Table: (1)Mass of the halo in 1010M�(2) E�ective radius

of the �nal bulge (3) Axis ratio of the bulge at 5Re�(4) n of the bulge

at 5Re� . The initial mass and Re�of the bulge are 1� 1010M�and 1 kpc

respectively, while the disk has Md = 10 � 1010 and hd = 4 kpc. The

bulge consists of 32768 particles.

A �nal test, is to grow the disk non-adiabatically. Using always the same con�guration

as in x3.1, the disk is grown in a timescale of just 1 time unit, much smaller than the

dynamical time in almost every part of the bulge. There is no reason to believe that such

a rapid disk growth can actually happen; this is done for the sake of completeness. The

e�ective radius and the axis ratio of the bulge change almost as much as in the adiabatic

limit, but this does not apply to the surface brightness pro�le. It remains relatively close

to an R1=4 law, showing that the adiabaticity is a necessary condition for this mechanism

to work. Some additional test runs showed that a rough time limit for the non-adiabatic

domain is 10 time units (0.05 Gyr). If the disk grows in a timescale larger than this, the

results in n are the same as those in x3.1.

4 Comparison with observations

4.1 The parameter space of B/D and hd/Re�

We now consider the e�ects of disk �elds of di�erent strength on the bulge parameters. In

order to have a good estimate of the e�ects of the disk, one should explore as large a region

of the parameter space as possible. disks of mass 0.5, 1, 4, 10 and 20 times the mass of

the bulge are applied, the smallest ones corresponding to S0 galaxies (B/D = 2) and the

largest ones (B/D = 0.05) to Sc spirals. For each one of these B/D ratios, scalelengths of

1.5, 2, 3, 4, 6 and 10 kpc are tried, or 30 combinations in total. It is necessary to take

these di�erent values for the scalelength, since, as shown in x3.2 a more compact disk has

a bigger e�ect on the bulge than a larger one with the same mass. A few runs are done

also with a disk mass of 100, for completeness in the extreme low B/D regime. In all the

runs the disk is grown exponentially as in eq. (7), with a timescale � of 100 units. As

in Fig. 2, the bulge parameters change quite rapidly initially, reach their �nal values at

around t = 150 and remain constant thereafter.

The �nal bulge parameters from all the runs are listed in Table 3. The values of n at
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Figure 6: (a) The �nal values of n as a function of the B/D ratio, for di�erent values of the

scalelength ratio. From top to bottom, hd/Re� = 10, 6, 4, 3, 2 and 1.5. (b) Final values of n as

a function of hd/Re� , for di�erent B/D ratios. From top to bottom, B/D = 2, 1, 0.25, 0.10, 0.05.
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Figure 7: (a) The results of the simulations (shaded area) from Fig. 6a, shown on top of the

observed trend. The dotted lines show the borders of the area if the errors in n are taken into

account. The data points are the bulges of APB95. Notice the `rounding o�' and saturation of

the trend in the simulations at around n = 2. The arrows at the top show the way that the shaded

area would expand if we considered higher M/L ratios for the bulge. (b) The relation between

the disk scalelength and the bulge e�ective radius that results from the simulations (shaded area)

shown on top of the results of de Jong (1995).

the end of the simulation range from around 3.8 down to 2.0 and the largest e�ects are

caused by more massive and more concentrated disks; this constitutes the two main results
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Table 3: Results for a grid of parameters

B/D hd/Re� c=a Re� n (�n)

2.0 1.5 0.94 0.85 3.42 (0.24)

2.0 0.94 0.90 3.55 (0.23)

3.0 0.96 0.93 3.67 (0.25)

4.0 0.97 0.94 3.78 (0.29)

6.0 0.98 0.94 3.93 (0.30)

10.0 0.98 0.94 4.07 (0.27)

1.0 1.5 0.84 0.83 3.31 (0.28)

2.0 0.84 0.87 3.50 (0.24)

3.0 0.86 0.91 3.57 (0.21)

4.0 0.90 0.92 3.60 (0.24)

6.0 0.92 0.93 3.82 (0.42)

10.0 0.92 0.94 3.92 (0.37)

0.25 1.5 0.74 0.65 2.30 (0.14)

2.0 0.75 0.72 2.30 (0.36)

3.0 0.77 0.79 2.72 (0.50)

4.0 0.79 0.85 3.02 (0.48)

6.0 0.80 0.89 3.19 (0.55)

10.0 0.82 0.91 3.59 (0.47)

0.10 1.5 0.66 0.51 2.00 (0.12)

2.0 0.66 0.63 2.15 (0.20)

3.0 0.66 0.67 2.37 (0.38)

4.0 0.68 0.76 2.65 (0.43)

6.0 0.70 0.80 2.93 (0.40)

10.0 0.72 0.91 3.43 (0.27)

0.05 1.5 0.62 0.46 1.99 (0.10)

2.0 0.62 0.52 2.02 (0.17)

3.0 0.64 0.65 2.21 (0.19)

4.0 0.64 0.72 2.55 (0.20)

6.0 0.66 0.78 2.82 (0.23)

10.0 0.66 0.87 3.32 (0.27)

Notes on Table: The axis ratio and n are measured within 5Re� . The

models consist of 16384 particles; this causes larger errors, and some

slight di�erences with e.g. the results in x3.1, with double the number

of particles. No dark halo is included in these simulations.

of this study. The index n does indeed decrease with decreasing B/D ratio, as observed by

APB95. However, the values of n found here do not span the entire range observed. There

are no bulges with n < 2. This can be seen in Fig. 6a, where n is plotted as a function

of the B/D ratio, for the di�erent values of hd/Re� . The n-B/D curves do not continue
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down to n=1 for more massive disks, but change slope and atten out at n = 2; this

mechanism for changing the surface brightness pro�le `saturates', and exponential bulges

are not produced. This saturation is best illustrated if we consider the results for disks

having a mass of 10�1010M� and 20�1010M� , both with a scalelength of 1.5 kpc from

Table 3. Despite the factor of 2 di�erence in mass, the �nal n of the bulge is exactly the

same. This is also seen in Fig. 6b, where n is plotted as a function of hd/Re� for the

di�erent values of B/D. In Fig. 7a, the n -B/D relation from Fig. 6a is plotted on top

of the observed relation found by APB95 for the galaxies of their sample. There are 27

galaxies shown in Fig. 7a. Three galaxies from the sample of APB95 with an n larger

than 4.5 have been omitted, since they have not been really included in the modeling; an

R1=4 law is assumed as initial state. The results of Fig. 6a are given here as a shaded

area. The lower boundary of this area is the n-B/D curve for hd/Re� =1.5, and the upper

boundary is the n-B/D curve for hd/Re� =6; these are the values of hd/Re� spanned by

the galaxies of APB95.

For n > 2, most of the galaxies lie inside this area and the slopes of the two relations are

similar, or, in any case, compatible. As expected after the results of Fig. 6, however, the 5

galaxies with n < 2, comprising 16% of the diameter limited sample of APB95, lie clearly

outside the simulation results; disk growth fails to account for the surface brightness of

these bulges. Some possible causes for this are discussed in Section 5. It should be noted

here that a signi�cant source of error is the implicit assumption in the simulations that the

mass-to-light ratios of bulge and disk are the same. This is often not the case, as has been

shown in decompositions of rotation curves. The M/L ratio of the bulge can be anything

from half of that of the disk for Sa spirals to 4 times bigger for later types (Broeils 1992,

Kent 1986, 1987). A bigger M/L ratio would push the upper boundary of the area predicted

by the simulations upward, as shown by the arrows. The lower boundary, however, is not

a�ected by this and galaxies with n < 2 will always lie outside the predicted relation.

A more direct demonstration of the above results is given in Fig. 8, where a reproduc-

tion of the observed light pro�le of certain bulges from the sample of APB95 is attempted.

10 galaxies are selected, on the basis of smoothness of the pro�le, reliability of the decom-

position and error in n. In addition, they should span as big a range in n as possible. A

simulation is then run using the observed B/D ratio, and tuning the initial hd/Re� ratio

so that the �nal e�ective radius is as close as possible to the one observed. The results

are given in Table 4, and plotted in Fig. 8. To make a comparison possible, the pro�les

from the simulations have been normalized to the same e�ective surface brightness as the

corresponding galaxy. The conclusion is the same as above. The bulge pro�les with n & 2

can be reproduced very well; within the errors, the n predicted by the simulations agree

with the n of the actual bulge pro�le for 6 galaxies out of 10. For the remaining 4 galaxies

with n . 2:2 the discrepancy between simulation and observed pro�le is greater as n gets

smaller.

Another aspect of these simulations that can be checked against observations is the

predicted relation between the �nal e�ective radius of the bulge and the scalelength of the

disk. According to the results in Table 3, if a standard initial bulge is assumed, then for a

given B/D ratio the e�ective radius should be smaller for smaller hd. The hd-Re� relation

in the K-band found by de Jong (1995) is plotted in Fig. 7b. Approximately 60 galaxies
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panel.
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Table 4: Results of simulations of certain bulge pro�les

NGC B/D hd/Re� nobs �nobs nsim �nsim

5838 1.25 2.4 4.04 0.34 3.75 0.25

5987 0.39 2.7 3.50 0.27 3.35 0.25

7711 0.93 2.0 3.37 0.28 3.27 0.09

5422 0.42 2.9 3.07 0.20 2.94 0.50

5475 0.14 3.6 2.52 0.46 2.45 0.13

5719 0.16 2.7 2.26 0.10 2.18 0.11

5326 0.25 4.2 2.19 0.45 2.82 0.20

5587 0.05 3.9 1.53 0.21 2.24 0.13

5707 0.35 3.7 1.30 0.27 3.17 0.21

5577 0.16 3.3 0.75 0.59 2.34 0.11

are included here, with morphological types between 3 and 6 and B/D ratio between 0.01

and 0.15. The results of this paper are plotted again in the form of a shaded area. The

lower boundary of this area is the predicted hd-Re� relation for a B/D ratio of 0.01 and

the upper boundary is the same relation for a B/D ratio of 0.10. While the slope of the

two relations is not exactly the same, the general trend is reproduced quite well, especially

for the larger bulges. A power law �t to the whole set of data gives

logRobs
e� = 0:75 loghobsd � 1:62 (12)

while for the galaxies with Re� > 0:4 the relation is

logR>0:4
e� = 0:40 loghd � 1:02 (13)

The same �t on the simulation results gives

logRsim
e� = 0:40 loghsimd � 1:07 (14)

The error in the slope for the Re� > 0:4 bulges is �0.07, and the error in the simulation

data is �0.05; the two relations agree very well. It should be noted here that, while the

results in Fig. 7b assume that all the bulges have an initial e�ective radius of 1 kpc, the

relation would have the same form for any `at' spectrum of initial e�ective radii. The

correlation between disk scalelength and bulge e�ective radius has been used, without �rm

theoretical justi�cation, by de Jong (1995) and Courteau et al. (1996) as a basic argument

in favour of the `secular evolution' origin for bulges. It is shown here that a relation of this

form arises quite naturally if the bulge was formed before the disk. Again, as noted above,

the smaller bulges, where the exponential pro�les are common, deviate from the predicted

relation.

4.2 Di�erent initial bulge pro�les.

We see that it is not possible in these simulations to obtain an exponential pro�le for the

bulge by growing a disk around an initially R1=4 system. There is no guarantee, however,
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that the initial bulge follows exactly an R1=4 law. For example, the initial pro�le might

be already close to an R1=2 law, in which case it would be seemingly easier for the disk to

push it toward an exponential shape. Here this hypothesis is tested by applying disk �elds

to initial bulges following R1=2 and exponential laws. The models are made as described

in x2.1, in the same way as the R1=4 law models. The results, for systems having the same

number of particles, total mass and e�ective radius as the template R1=4 bulge of x3.1 are
shown in Fig. 9 and listed in Table 5.

Table 5: Various initial bulge pro�les

Model ninit nfin(�n) Re� c=a

R1=4 law 4.00 2.65 (0.25) 0.78 0.68

R1=2 law 2.00 1.48 (0.13) 0.78 0.70

Exponential 1.00 0.89 (0.08) 0.81 0.70

Notes on Table 5: The initial Re� for all the bulges is 1

kpc. The models consist of 32768 particles.

The results do not conform to the expectations. For the same disk, the changes in

e�ective radius and axis ratio are almost identical, but the change in n is smaller as the

initial bulge is closer to exponential. The n of a de Vaucouleurs bulge is reduced by almost

40%, that of an R1=2 bulge by 20% and that of an exponential bulge just by 10%. The

n = 1 (exponential) bulge is the most sturdy against the growth of a disk. This increasing

di�culty of changing n depending on its initial value can readily explain the saturation at

n = 2 that is seen in the results of Section 4.1 and in Figure 6: Once close to n = 2, the

pro�le becomes more resistant to an already weakened disk �eld, and n = 1 pro�les can

never be created.

5 Discussion

Despite many simplifying assumptions, such as common M/L ratio for the bulge and the

disk, same luminous-to-dark-matter ratio for all the galaxies, and exclusion of dissipative

processes, the n-B/D relation is fairly successfully reproduced for galaxies with n > 2. The

hd-Re� relation is also successfully reproduced, with the possible exception of the smallest

bulges. These two facts show that the initial hypothesis may well be correct: These bulges

existed before the disk as R1=4 spheroids, and were later modi�ed by the changing force

�eld of the disk to their present state.

Bulges in the region 2 > n > 1, however, remain unexplained. If they were created by

the same processes as the early type bulges, i.e. as R1=4 spheroids, this drastic change in

their pro�les is unaccounted for. The answer might well be that, simply, they were not

created by the same processes. As mentioned in the introduction it has been shown that

there exist other mechanisms, such as the destruction of bars, that can create bulge-like

entities in the centers of spirals. Bars themselves can successfully play the role of bulges; in
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Figure 9: The initial (thin line) and �nal (thick line) states of various density pro�les, under the

inuence of the same disk. From left to right, R1=4 pro�le, R1=2 and exponential. (The pro�les

have been shifted horizontally for clarity.)

fact, as has been shown in numerical simulations, a bar seen end-on displays an exponential

surface brightness pro�le (Pfenniger & Friedli 1991) and this �ts very well into the whole

scenario. The necessary dichotomy, though, in origin and properties, remains somewhat

disturbing. The properties of n = 1 bulges, although deviant, are a continuation of those

with n > 2; there is no apparent bimodality neither in n, nor in any of the other parameters

(see, e.g., the fundamental plane of bulges and ellipticals in APB95). A possible way out

of this dilemma is that the bars in late type spirals (appearing as exponential bulges) could

cover an already existing small, dissipationally formed bulge; if the bar is formed on top of

the bulge, the two can co-exist (Combes & Sanders 1981, Combes et al. 1990). Actually, it

can be argued that when the bulge is small enough|and hence having a pro�le close to the

R1=2 law|it is then that the disk becomes unstable against bar formation. Ostriker and

Peebles (1973) pointed out that for the disk to be stable against bar formation, the ratio t

of rotational energy to the total potential energy has to be less than about 0.14. Sellwood

(1980) showed that the Ostriker-Peebles criterion could be satis�ed by the existence of a

bulge having at least 50% of the mass of the disk; this percentage could be even as low as

30% (Berman and Mark 1979). If this low percentage is correct, then galaxies with a B/D

ratio of less than 0.3 are candidates for bar formation, and, as a result, for having `bulges'

with exponential pro�les. In this way the spectrum of n for the central spheroids|be they

old, dissipationally formed bulges or not|would have the desired continuity. However,

there are many other possible scenarios:

First is that the initial bulges already span the whole spectrum of n values, from 4 (or

even larger) down to 1. All of them would then be a�ected by the disk: the highest values

of n, depending on the B/D ratio, would decrease, while the lowest values, as shown, will

remain almost una�ected. However, a mechanism that can produce this wide range of

bulge pro�les at birth is still lacking.

Another possible choice is that all bulges are created as exponential spheroids in the
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beginning, and then disrupted by minor mergers. In general, merging processes produce

R1=4 law systems (Barnes & Hernquist 1992 and references therein). As a result, the

bulges that have undergone more merging would be more massive, more luminous, and

have R1=4 law pro�les. The undisturbed bulges would remain exponential in pro�le and

small in mass. Again, a mechanism that can produce primordial exponential bulges is still

to be found.

Finally, one should consider the possibility that n = 1 bulges do not exist at all; that

they are in fact larger n systems mistaken for exponential, because of poor resolution, low

signal-to-noise or disk contamination. This does not seem very probable. Exponential

pro�les have also been found in large and luminous bulges (e.g. NGC5707 and NGC7311,

APB95), and they have arisen in one- and two-dimensional bulge-disk decompositions (de

Jong, 1995, Courteau et al. 1996), as well as in the decomposition of the inner parts of

rotation curves (Heraudeau et al., 1996). Moreover, it is shown in this paper (x3.2) that
poor resolution cannot produce this e�ect.

It should be added here that the central regions of late type bulges remain largely

unexplored. We still do not know enough about the density and surface brightness pro�le

at radii smaller than about 0.05 kpc, and this could provide some better constraints on the

possible scenarios mentioned above. The �rst HST data on a sample of S0 bulges (Phillips

et al. 1996) indicate that there exists a large variety of pro�les at the center; more data

are clearly needed.

6 Conclusions

We try to reproduce the observed trend of the surface brightness pro�le of bulges to become

steeper in the outer parts for the later type spirals. It is attempted to see whether or

not this trend can be explained by the growth of a disk of di�erent mass around each

bulge. If this is the case, the implication is that the bulge was formed �rst, and we

are looking at the imprint of the disk formation on it. Equilibrium spherical models

following an R1=4 law are built to represent the initial bulge, and then the force �eld of

a thin exponential disk whose density increases with time is applied. Before drawing any

conclusions, it is ensured that i) The �nal state of the bulge does not depend on the details

of the disk formation, as long as this formation takes place adiabatically ii) There are no

secular evolution or numerical relaxation e�ects interfering with the results and iii) that

the models used represent reasonably well the real bulges in terms of kinematics, and that

the measured parameters correspond to those measured observationally. After establishing

that the presence of a moderately massive halo does not signi�cantly alter the results, a

large region of the parameter space of mass and scalelength ratios is explored. It is found

that

1. The index n of the Sersic law �n(r) / exp(�r=r0)1=n that describes the surface

brightness pro�le is smaller than the initial value of 4 (de Vaucouleur's law) after the disk

formation is complete. More massive disks (relative to the bulge), or disks with a smaller

scalelength lead to a smaller value of n, in agreement with the observations. The biggest

part of the observed correlation between the scalelength of the disk and the e�ective radius
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of the bulge is explained, and the slope of the n { B/D ratio relationship is compatible

with the one observed.

2. The decrease in the value of n saturates at n = 2. Bulge pro�les that are steeper

than the R1=2 law cannot be produced by this mechanism. Spheroids are increasingly

resistant to change in the slope of their surface brightness pro�les, as they become steeper

in the outer parts (i.e. having smaller n initially). The exponential pro�le (n = 1) is a real

barrier in this sense: It remains exponential, despite the changes in e�ective radius, axis

ratio, velocity dispersion etc.

These results support the idea that bulges of early type spirals were formed before the

disks. The systematic di�erences in the radial distribution of surface brightness for these

bulges are explained as the imprint of the formation of the disk, later in the life of the

galaxy. The genuine exponential bulges, though, if they are real, are not explained by such

a mechanism. These results suggest that they were either formed as such|in which state

they will remain, as shown here, ad in�nitum|or they are the result of secular evolution

phenomena later in the history of the galaxy, such as bar formation and/or destruction.
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A Distribution functions of the models

In this Appendix we show, for reference purposes, the form of the distribution function

of the R1=4, R1=2 and exponential models used in this paper. The `softened' DF of the

R1=4 model is also shown. All these distribution functions are calculated numerically as

described in x2.1. The data points plotted as blank circles over the R1=4 DF are the values

tabulated by Binney (1982).
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Figure 1: Distribution functions f(E) of the various bulge models as a function of the relative

energy E de�ned in x2.1





Chapter 5

Disk-halo interaction and the
plausibility of halo density laws

We investigate the e�ects of the disk formation on the structure of the dark matter halo.

To represent the dark halos, we use N-body realizations of the  = 0 and  = 1 (Hernquist

pro�le) isotropic models of Dehnen, in which the potential of a thin exponential disk is

adiabatically grown. Depending on the mass and concentration of the disk, the central

density gradient becomes steeper, so that the �nal density of the halo is well described by

higher  models. If we require the �nal rotation curve of the galaxy to be asymptotically

at, the range of the plausible initial halo models is narrowed considerably: only models

that initially have a constant density core give at rotation curves after the growth of the

disk is complete; initial halos that follow the Hernquist pro�le give falling rotation curves.

The  = 0 model is shown to work equally well with the isothermal halo in this respect,

without the need for an r�2 density pro�le at large radii. The initial density core of this

model is converted to a cusp-like density distribution. These results deepen even further

the gap between the dark halos observed in cosmological simulations and those implied

by observations of the kinematics of spiral galaxies. A possible way to create a core in

the �nal halo and have a at or rising rotation curve is an abrupt decrease in the mass of

the disk; this, however, works only for dwarf spirals that were initially very massive. For

luminous spirals, the required mass loss rates are too large for this mechanism to provide

a viable explanation.

1 Introduction

Dark matter halos are thought to explain the at H I rotation curves at the outer parts

of spiral galaxies, as observed for example by Bosma (1978), Begeman (1987) and Broeils

(1992). They supposedly consist of collisionless, possibly non-baryonic particles that in-

teract with the other galactic components only through gravity (see Trimble (1987) and

Sanders (1990) for reviews on the subject). For lack of a better model, but also prompted

by the results of early models of violent relaxation (Lynden-Bell 1967, Shu 1978) the dark

halos were modeled as approximate isothermal spheres (Bahcall & Casertano 1985, van

Albada et al. 1985). This kind of halo has the desired r�2 decrease in density at large radii
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that produces asymptotically at rotation curves, as well as a constant density core that

allows the visible components of the galaxy (disk, bulge and gas) to dominate the dynamics

in the inner parts. These features allowed good multi-component �ts to the rotation curves

of spirals (van Albada & Sancisi 1986, Kent 1987, Begeman, Broeils & Sanders 1991).

On the other hand, the most recent Cold Dark Matter (hereafter CDM) cosmological

simulations (Dubinski & Carlberg 1991, Navarro, Frenk & White 1995, 1996) persistently

produce halos with r�1 density laws at the center, and steepening to r�4 or r�3 at large

radii. Such halos are referred to as \singular", since there is a central density singularity. It

is still possible to obtain a good �t to the total rotation curve using these kind of singular

halos (Sanders & Begeman 1994), but this applies only to large luminous spirals. The

kinematics of the dark-matter dominated dwarf spirals are impossible to reconcile with

singular halos (Flores & Primack 1994, Burkert 1994) and this has even prompted some

authors to reject CDM halos altogether (Moore 1994).

A physical process that occurs between the proto-halo formation and the �nal formation

of disk galaxies is the assembly of the visible stellar and gaseous disk through dissipational

infall of the baryons mixed with the dark matter (Fall & Efstathiou 1980). Disk growth

inside isothermal halos has been investigated analytically (Blumenthal et al. 1986, Ryden

& Gunn 1987, Flores et al. 1993) as well as numerically (Barnes 1987, Blumenthal et

al. 1986, van Albada & Sancisi 1986) with relatively low resolution. It was shown that

baryonic infall pulls the dark matter inward destroying the constant density cores, and is

quite e�cient in producing �nal rotation curves that are at and featureless, much like

the observed ones (thus partly solving the halo-disk \conspiracy" problem|the question

of how the disk and halo can be combined in such a way that there is no trace of the

transition from disk-dominated region to halo dominated region in the rotation curve). The

singular halos have been previously considered by Flores & Primack (1994) and Navarro,

Frenk & White (1996) (hereafter NFW); they argued that baryon infall inside these halos

would produce falling rotation curves, in contrast to the observations. In this paper we

present high resolution numerical simulations of disk formation in these singular halos{the

\Hernquist" halos, more speci�cally{and consider the constraints that this might put on

the plausibility of certain models. The argument of Flores and Primack is con�rmed, and

the change in the halo density is quanti�ed in terms of the index  of the density models

of Dehnen (1993). We also consider disk growth inside a  = 0 halo|a model that does

have an (almost) constant density core, but declines in density as r�4 at in�nity|and show

that the rotation curves resulting from this �nite mass model are comparable to those of

isothermal halos.

The rest of this paper is organised in the following way. In Section 2 we give a very

brief description of the disk formation scenario that we adopt in this study, followed by

details on the models that we use to represent the dark halos. In Section 3 we describe

the e�ects of disk growth on the shape and the density pro�le of the halo, and in Section

4 the e�ects on the rotation curve of the galaxy. In Section 5 we consider the ability of

supernova driven galactic winds to re-generate the cores that are necessary to explain the

kinematics of dwarf spirals. Finally, we discuss our results and present our conclusions in

Section 6.
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2 Initial conditions and N-body modeling

2.1 Disk formation in CDM halos

For the formation of spiral galaxies we adopt the now classical scenario of dissipational

infall as formulated by White & Rees (1978) and Fall & Efstathiou (1980). Dissipational

baryonic matter is initially well mixed with the dark matter which, baryonic or not, is

assumed dissipationless. The whole system has a non-zero angular momentum presumably

resulting from tidal torques. The baryonic matter eventually dissipates its energy and falls

toward the center of the potential well; the collapse is halted by the angular momentum,

which in turn leads to the formation of a rapidly rotating thin gaseous disk.

The ratio f of visible (baryonic) to dark matter is supposed to be a universal constant

and its value is constrained by primordial nucleosynthesis arguments through the relation


bh
2
50 = 0:05� 0:01 (Walker et al. 1991). In this equation 
b is the total baryon density

and h50 = (H0=50) km/sec/Mpc. For the standard CDM Universe with 
0 = 1 and a

Hubble constant of 75, this gives a visible to dark matter ratio f = 
b=
0 = 0:02 as a

lower limit to f . The upper limit is obtained for an open Univese with 
0 = 0:3, for which

f = 0:10.

The size of the �nal disk relative to the halo, i.e. the collapse factor, depends on the

angular momentum parameter

� =
JE1=2

GM5=2
(1)

where J , E and M are the angular momentum, energy and total mass of the initial halo.

The value of � is not tightly constrained; Barnes & Efstathiou (1987) have found it to

range between 0.02 and 0.1, with a mean value of h�i = 0:05. The ratio of the radial

extent of the disk over the size of the halo (usually set by Rmax, or truncation radius) is

roughly equal to � for f of the order of 0.05 to 0.1 (Fall & Efstathiou 1980, Flores et al.

1993).

2.2 The  family of models

To represent the dark matter halos of spirals we would like to have models that are as

close as possible to the predictions of cosmological calculations, as well as having simple

analytical expressions for the density, mass, distribution function (DF) etc. Reasonable

behaviour at small and large radii, i.e. �nite total mass, �nite rotation velocity at r = 0

would also be necessary. The -family of models proposed by Dehnen (1993) (and by

Tremaine et al. (1993) as � models) ful�l most of the above requirements. The density as

a function of the spherical radius is given by

�(r) =
(3� )Mh

4�

ah

r(r + ah)4�
(2)

where Mh is the total mass and ah a general scaling radius. The parameter  takes values

in the interval 0 �  < 3. The cumulative mass and the circular velocity as a function of



98 Chapter 5. Disk-halo interaction and the plausibility of halo density laws

radius are given by

M(r) =Mh (
r

r + ah
)
3�

(3)

and

v2(r) =
GMh r

2�

(r + ah)3�
(4)

respectively. As can be seen from eq. (2) the density for all the models declines as r�4 at

large r, so that the total mass is �nite, while in the center the density falls as r�. In other

words, the  . 3 models have the steepest density gradient at the center while the  = 0

model has an (almost) constant density core. The models of Ja�e (1983) and Hernquist

(1990) correspond to  = 2 and  = 1 respectively. In Fig. 1a-1c we give the density, mass

and circular velocity pro�les for  = 0, 1 and 2. The total mass in all the cases is set equal

to 1, as well as the radial scale ah, and this means that the models shown in Fig. 1 are not

normalized in radius; i.e., the half mass radius of the  = 0 halo is 3.84ah, while for the

Hernquist halo r1=2 =2.41ah.
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Figure 1: Density, cumulative mass and circular velocity pro�le of the -models of Dehnen, and

of the non-singular isothermal sphere and the NFW halo model (see text). The isothermal pro�le

is normalized to the same central density as the 0 model, and the NFW pro�le is normalized to

a total mass of 1 at r = 100. For all -models, ah= Mh= 1.

As mentioned earlier, the gravitational collapse of density peaks as simulated by Dubin-

ski & Carlberg (1991) produced dark halos that are very well described by the Hernquist

model, from the softening radius outward. The CDM halos emerging from the most recent
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simulations have pro�les that are identical to the Hernquist pro�le in the central regions

(NFW) but with a total mass that diverges logarithmically, i.e.

�(r) =
Mc

4�a

a

r (r + a)2
(5)

where Mc is the mass inside an arbitrarily chosen cuto� in r. In Fig. 1 we plot the density

etc. of the NFW model normalized to the density of the Hernquist ( = 1) model in the

inner regions, and to a total mass of unity at r = 100. The main di�erence between the two

is the behaviour at large radii; the Hernquist models falls o� as r�4 while the NFW model

as r�3. At small radii the two distributions are almost indistinguishable. In the same �gure

we also plot the density of the non-singular isothermal sphere with a core radius rc of unity

and scaled to the central density of the 0 model. For this plot we use the approximate

empirical pro�le �(r) = �0=(1+(r=rc)
2) that has become the standard representation of an

isothermal halo. As can be seen in Fig. 1 the  = 0 model (from this point on referred to

simply as 0) is a relatively good approximation to the isothermal sphere in the sense that

it also has a core, while its mass is �nite. The \core radius" of the Dehnen model, i.e. the

radius where the density has fallen to half its central value would be rc � 0:20, for ah=

1. In this paper we will not discuss isothermal models, since they have been considered

previously (van Albada & Sancisi 1986, Barnes 1987).

2.3 N-body setup

In the present paper we consider primarily isotropic spherical halos. Anisotropic halos of

Ossipkov-Merritt type, where the distribution function depends in a certain way on the

energy and the angular momentum, will be considered separately. The inherent stability

of these models depends very sensitively on the degree of anisotropy, and the parameter

space that needs to be explored is too large for the purpose of this study. Therefore,

only a few cases are described, in Appendix A. The assumption of spherical symmetry

of the initial halos, on the other hand, is really an oversimpli�cation, dictated mainly

by computational limitations. The halos in the simulations of Dubinski & Carlberg, for

example, are signi�cantly attened, and often triaxial. The general nature of the response

of the density distribution, however, is not expected to be very di�erent than that of the

simple spherical models (Flores et al. 1993).

The construction of the N-body halos is straightforward, owing to the availability of

analytical expressions for the density and the distribution function. First, a spherical radius

is assigned to each particle by modulating an ensemble of random numbers according to the

inverse expression for the cumulative mass. Then, using the acceptance-rejection method,

a velocity is assigned to each particle according to the value of the DF at that particular

radius. The models that we use in this study consist normally of 66,000 particles. A few

runs are made using 120,000 particles; an N of this order is necessary for reliable axis ratio

determination at small radii. As before, the total mass of the halo and the radial scale ah
are both set to 1.

The baryonic infall is simulated by slowly turning on the potential of a thin exponential

disk whose surface density increases with time. It is assumed that the initial total mass
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of the system includes both dark and baryonic matter in uniform mix and therefore, as

the mass of the disk increases, an equal amount of mass is subtracted from the dark halo

at each time step. In practice this is done by simply setting the mass of a random halo

particle to zero. The masses used for the disk span a range of plausible visible-to-dark

matter ratios, from f = 0:03 to f = 0:1. For each value of the disk mass, 3 values of the

disk scalelength are applied, ranging from 0.05 to 0.15 in units of ah. These values are

suggested by angular momentum constraints; as mentioned in x2.1, the ratio of disk to

halo scale according to the tidal torque theory is of the order of 0.05, with an uncertainty

of roughly a factor of 2. The halos in this study do not really have a cuto� radius, but

if we approximate it by the radius enclosing 90% of the mass, then for a Hernquist halo

Rmax � 20ah. Taking the radius of the disk to be 5 exponential scalelengths, the ratio

hd/ah should have a mean value of 0.10. In addition to this rough ab initio calculation,

these values for the disk scalelength are also suggested by the ratio hd=ah resulting from

non-linear �ts of Hernquist halos plus disks to the H I rotation curves of spirals (Sanders

& Begeman 1994). These ratios lie in the range 0.04 to 0.1, which, assuming that the ah
of the initial halo has not changed more than 30�40% implies initial scalelength ratios

of the order of 0.03 to 0.08. (This assumed change, of course, remains to be justi�ed by

the results of the simulations!). Finally, an upper limit to the disk parameters is provided

by the requirement that the combination of mass and scale of the disk should not give a

central surface brightness higher than the upper cuto� of 20.5Bmag/arcsec2 observed in

spirals (de Jong 1995). Assuming a disk mass to light ratio of 1 M�=L� in the B band,

this cuto� corresponds to a maximum central surface density of �0 � 4 � 108M�=kpc
2.

We have that

�0 =
Md

2�h2
d

=
fMh

2�(�ah)2
(6)

where f is, as before, the visible to dark mass ratio and � is the desired scalelength ratio.

Assuming a typical halo mass Mh � 1012 M�, and an average value for ah of 50 kpc,

(Sanders & Begeman 1994), equation (6) gives a minimum value of �min = 0:12 for f = 0:10

or �min = 0:06 for f = 0:03. These values are, admittedly, subject to many assumptions

and do not give really tight constraints, but they allow us for example to reject a disk with

a mass of 0.1Mh and an hd of 0.05ah as too dense in the center.

It is also important that the disk growth takes place adiabatically. In this way, the

�nal state of the system depends only on the �nal values of the mass and extent of the

disk and not on the speci�c way that it was assembled. The total mass of the disk is

grown exponentially to its �nal value asMdisk(t) =Md(1�exp(t=�)), while the scalelength

hd is kept �xed. The exponential growth is clearly a matter of preference; adiabaticity

guarantees that the results will remain the same if the increase is, for example, linear. In

the simulation system of units G = Mh = ah = 1 the disk growth timescale � is taken to

be 10 units. The dynamical time scale of a Hernquist halo, for instance, at radius r, is

given by

tdyn =

r
3�

16G�
=
�

2

p
r(r + 1) (7)

At r = 0:5a, roughly the limit of the disk, the above formula gives a dynamical time of
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1.6 units. This is about six times smaller than the disk growth time, in accordance with

adiabaticity.

2.4 The self-consistent �eld code

For the evolution of the halos we use a Self-Consistent Field (SCF) N-body code (Hernquist

& Ostriker 1992), kindly provided by Lars Hernquist. It is an \expansion" code, as opposed

to direct N-body schemes such as treecodes and direct summation. The Poisson equation is

solved by expanding the density and the potential in a set of basis functions, both radially

and azimuthally. In this respect, it is analogous to the spherical harmonics expansion

scheme developed by van Albada & van Gorkom (1977). Using the SCF code the CPU

cost scales as O(N) instead of N logN of the treecode, but at the price of a restricted

range of models that this scheme can handle: The generic expression for the expansion of

the density is

�nlm(r) =
Knl

2�

rl

r(1 + r)2l+3
Wnl(�)

p
4�Ylm(�; �) (8)

where Knl are normalization constants, Wnl(�) is a set of orthogonal polynomials and

Ylm are the spherical harmonics. As can be seen, the zero-th order radial basis function

used for the expansion is the Hernquist (1990) pro�le. Therefore, for the expansion to

converge using a reasonable number of terms, the system must not be too far away from

this kind of density distribution. The same applies to the azimuthal terms; the system

under consideration should not be too far from spherical symmetry. Ideally, it should be

a perturbation about the spherical Hernquist model. Hernquist & Ostriker (1992) have

shown that by including a su�cient number of expansion terms, this scheme can also very

well describe models with constant density cores. Since in this study we are concerned with

exactly these two kinds of systems, the SCF scheme is very well suited for our purpose. In

most of the runs we use 6 radial and 4 azimuthal expansion terms. The convergence of the

expansion is monitored continuously, however, and for the most extreme perturbations{

massive extended disks{we use radial terms of up to n = 10. A typical run of 3000 time

steps employing 66,000 particles and using nmax = 6 and lmax = 4 takes 4 hours on an Ultra

Sparc workstation. Self-evolution runs are made for both halo models used in this study;

in these runs the energy is conserved to better than 0.1%, and the systems are stable. The

only perceptible change is a correctable displacement of the center of mass, as noted also

by Hernquist & Ostriker (1992).

3 E�ects of the disk �eld on the halo density

3.1 The shape of the halo

We �rst address the issue of whether the three dimensional shape of the halo changes

signi�cantly as a result of the disk force �eld. It has been claimed by van Albada & Sancisi

(1986) and Barnes (1987) that the halo does not become perceptibly atter; however, their

simulations, using 5000 and 4000 particles respectively, did not have su�cient resolution
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to detect changes in ellipticity at small radii, where they would supposedly be largest. We

utilize a Hernquist halo of 120,000 particles for two runs, with an hd of 0.1ah and 0.05ah.

The ratio of visible to dark mass is �xed to f = 0:05. In these runs and in the ones that

follow, the halo particles are �rst allowed to relax, and then the disk �eld is turned on

using a standard timescale of 10 units. The simulation is run until t = 40, when the disk

has reached about 98% of its asymptotic mass. In practice, the halo has already reached

equilibrium at around t = 25. The same runs are repeated for a 0 halo and the axis

ratio (c=a) is then measured as a function of radius. The axis ratio is calculated using the

method proposed by Dubinski & Carlberg (1991) and Katz (1991) by diagonalizing the

inertia tensor of the system; the reader is referred to these papers or to Chapter 4 of this

thesis for more details. Using an N of this order, the ellipticity can be measured to an

acceptable accuracy (5�10%) already at r � hd where approximately 1000 particles are

included. As the number of enclosed particles grows the accuracy increases rapidly, and

becomes better than 0.5% for N of the order of 104 (for some tests regarding the accuracy

of this method, see Appendix B). The resulting axis ratio as a function of radius is shown

in Fig. 2a and 2b, for  = 1 and  = 0. The high level of noise in the 0 model is due to the

constant density core at the center, which implies a very small number of particles there.

The attening of the halo is not large but de�nitely not negligible, reaching a value of

c=a = 0:70 for both kinds of halos, at about 3 disk scalelengths from the center. According

to the results given in Appendix B, however, the true attening might well be even greater

to the center, since the algorithm always underestimates the ellipticity in regions with a

small number of particles.

As one would expect, the e�ects of more extended disks are smaller and appear at

larger radii. In general, the halo does not regain its spherical shape until about 8hd from

the center; within the Holmberg radius the axis ratio is still around 0.85. It should be

stressed here that these axis ratios refer to all the particles inside the particular radius,

and not to a thin shell. This means that the attening of a certain equidensity shell at, say,

3hd can be higher than the value in Fig. 2. These values, of course, are not comparable

to the very high ellipticities found for example by Sackett & Sparke (1990) in polar ring

galaxies. They do show, however, that the mere existence of a stellar disk means that the

surrounding halo is not spherical, at least in the inner parts.

3.2 The density distribution

Now we consider the changes in the density distribution of the halo. The main diagnostic

used is the cumulative mass pro�le, rather than the density itself. This integration over

density increases the signal-to-noise considerably, smoothing out the discreteness noise and

allowing much more reliable �ts. According to the order-of-magnitude calculations in x2.3,
we use a 3�3 grid in disk parameters: the disk-to-total mass ratio takes the values 0.03,

0.05 and 0.1, while the exponential scalelength is taken to be 0.05, 0.08 and 0.15 in units of

ah. These 9 combinations are run for both halo models ( = (0; 1)), and some additional

runs are made using more extreme parameter values: A very di�use disk with a mass of

0.03Mh and a scalelength hd of 0.25ah in a 0 halo, and an equally large disk but with a

mass of 0.10Mh in a Hernquist halo. The density and mass pro�le of the �nal state of the
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Figure 2: Axis ratio as a function of radius before and after the growth of the disk for the two

types of halos, and for two di�erent disk scalelengths. The mass of the disk is 0.05Mhin all these

runs. The approximate radii that include 5000 and 10000 particles are indicated.

halo are measured by counting the number of particles inside ellipsoidal volumes, based

on the run of ellipticity as a function of radius. The correction with respect to spherical

shape is small, but essential for a consistent description. For simplicity, and also because

of the rather noisy actual ellipticity pro�le, the axis ratio is taken to increase linearly from

a value of � 0.7 at the center to 1 at 5hd and remain constant from there on. In Fig. 3a

and 3b we give the �nal density and mass distributions for a disk mass of 0.05MH and for

the largest and smallest scalelengths, 0.05 and 0.15a for a Hernquist and a 0 halo.

The change in the density and mass pro�les is obvious, and especially the replacement

of the central core by a steeply rising density distribution in the 0 model. It is also

relatively easy to see that a pro�le of the original form, Hernquist or 0 , cannot give a

satisfactory description any more, since the density at large radii still falls as r�4, but in

the center it is steeper than the respective r�1 and r0 density laws of these two models.

Something more versatile is needed for a good description, and the  models provide this,

through their functional form. We �t the mass pro�les using eq. (2), but treating  as

a free parameter. As can be seen in the lower panels of Fig. 3, this is an e�ective way

of representing the mass distribution. There are some discrepancies at radii smaller than

0.07ah but these are mainly due to the small number of particles (a few hundred) in these

regions. For the compact disk the best-�t  is 1.47, meaning that the initial Hernquist

pro�le lies now between a Hernuist and a Ja�e model in terms of central density gradient.

The more di�use disk gives, as expected, a  of 1.04, much closer to the initial value of

1.0. The pro�les shown in Fig. 3 extend out to 1ah, as well as the �ts. The best-�t  is

not sensitive to the radial range used; the di�erence is not more than � = 0:1 if we take,
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Figure 3: Upper panels: E�ects of disk growth on the density pro�le for the two types of halos

discussed in the text. The mass of the disk is 0.05Mh. Lower panels: Mass pro�le of the same

models as above. Filled circles correspond to hd=0.05, open circles to hd=0.15 in units of initial

ah. The thin solid and dotted lines show the best-�t -pro�le.

for instance, a \disk-dependent" limit of 10 or 20 disk scalelengths. The typical error in

 given by the �tting routine is of the same order or less, and so the total error is of the

order of 5{10%.

The results for all 9 models of the simulation are given in columns (4) and (3) of Tables

1 and 2 respectively. In general, for a given disk mass, smaller scalelengths give force

more halo material to accumulate in the center, thus giving higher �nal  values. As an

indication of the degree of shrinking of the halo we give the halo mass inside the Holmberg

radius of the galaxy (taken to be RHol=4.5hd) before and after infall, in columns (5-6) and

(4-5) of Tables 1 and 2. The increase is a factor of 1.5�2 for the Hernquist halos and 2�4
for the 0 halos. In column (3) of Table 1 we also give the best-�t ah of the �nal halo, by

�tting a Hernquist pro�le to it. This value is only indicative of the amount of shrinking



4. E�ects of the disk �eld on the rotation curve 105

of the halo; it is not the real scale radius of the halo, since, as we mentioned already, the

Hernquist pro�le is no longer a good description of the density of the halo. Depending

again on the disk concentration, ah is reduced by 10-30%. In column (7) (Table 1) and

(6) (Table 2) we give the ratio of visible to dark matter inside the Holmberg radius (fHol)

of the galaxy. This quantity is of some importance, since it has been used extensively

as a measure of the relative contribution of dark matter to the dynamics of individual

galaxies. For the Hernquist halos, fHol lies between 0.15 and 0.75, for 0 between 0.4 and

2.7. The implications of these values will be considered in the Conclusions Section. Finally,

in column (8) (Table 1) and (7) (Table 2) we give the �nal form of the rotation curve and

the dominant component at small and large radii.

Table 1: Results of the Hernquist model.

Md hd ah  Minit Mfin fHol Rot. curve

(1) (2) (3) (4) (5) (6) (7) (8)

0.03 0.05 0.80 1.44 0.03 0.05 0.50 & (DH)

0.08 0.82 1.32 0.07 0.09 0.28 & (HH)

0.15 0.84 1.01 0.16 0.18 0.14 & (HH)

0.05 0.05 0.74 1.47 0.03 0.06 0.75 & (DH)

0.08 0.78 1.24 0.07 0.10 0.45 & (DH)

0.15 0.82 1.04 0.16 0.25 0.18 & (HH)

0.1 0.05 model too dense

0.08 0.67 1.31 0.07 0.12 0.75 & (DH)

0.15 0.73 1.12 0.16 0.29 0.25 & (HH)

0.25 0.79 0.98 0.28 0.30 0.29 & (HH)

Columns in Table: (1) Mass of the disk (baryons) (2) Disk scalelength (3)

Best-�t Hernquist scale radius (ah) of the �nal halo (indicative; see text) (4)

Best-�t  of the �nal halo (5) Fraction of the total dark matter inside the

Holmberg radius before baryonic infall (6) Same as (5), after infall (7) Final

ratio of visible to dark matter inside the Holmberg radius (8) Shape of the rot.

curve in the region 7�10 disk scalelengths: �! at;& falling. In parentheses,

the dominant component at small and large radii. D for Disk, H for Halo

4 E�ects of the disk �eld on the rotation curve

The most crucial test of a halo model is the predicted rotation curve, since this is currently

the only tracer of the force law in the outer regions that can be measured accurately. H I

rotation curves have been traced out to 10 disk scalelengths or more (Begeman 1987),

providing a �rm basis for tests of halo models. The performance of Hernquist halos in the

context of the form of the rotation curve after baryonic infall has been considered by Flores

& Primack (1994), Burkert (1994) and Moore (1994). Using simple theoretical arguments
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Figure 4: Left panels: Rotation curves for the Hernquist halos. The mass of the disk in these

plots is 0.03Mh, and the scalelength is, from top to bottom, 0.05, 0.08 and 0.15 in units of initial

ah. Thick solid line: Total rotation curve (halo + disk) after the disk growth is complete. Thin

solid lines: Individual disk and halo rotation curves. Dashed line: Halo rotation curve before disk

growth. Dotted line: Total \no-interaction" rotation curve, obtained by quadratically adding the

halo r.c. before disk growth, to that of the disk (lower solid line + dashed line). The diamonds

mark the 10hd point, usual outer limit of the observed H I rotation curves. In the bottom graph,

it lies beyond the boundary. The velocity units are conventional. Right panels: Same as before,

for the 0 halo.
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Table 2: Results of the 0 model.

Md hd  Minit Mfin fHol Rot. curve

(1) (2) (3) (4) (5) (6) (7)

0.03 0.05 1.24 0.006 0.018 1.45 �! (DD)

0.08 0.70 0.018 0.036 0.73 �! (DH)

0.15 0.27 0.043 0.067 0.40 �! (DH)

0.25 0.25 0.140 0.170 0.15 �! (HH)

0.05 0.05 1.13 0.006 0.024 1.78 & (DH)

0.08 0.89 0.018 0.045 0.97 & (DH)

0.15 0.64 0.043 0.076 0.57 & (DH)

0.1 0.05 0.92 0.006 0.032 2.73 & (DH)

0.08 0.94 0.018 0.059 1.48 & (DH)

0.15 0.48 0.043 0.093 0.95 & (DH)

Columns in Table: (1) Mass of the disk (baryons) (2) Disk scalelength (3)

Best-�t  of the �nal halo (4) Fraction of the total dark matter inside the

Holmberg radius before baryonic infall (5) Same as (4), after infall (6) Final

ratio of visible to dark matter inside the Holmberg radius (7) Shape of the rot.

curve in the region 7�10 disk scalelengths: �! at;& falling. In parentheses,

the dominant component at small and large radii. D for Disk, H for Halo

as well as secondary indirect evidence, these authors argued that a halo with a Hernquist

pro�le would give a falling rotation curve after the growth of the disk. These halos work

quite well in the decomposition of H I rotation curves (Sanders & Begeman 1994), but this

includes the explicit assumption that the halo has a Hernquist form after the disk has

been formed. As we showed in the previous section, a halo that had this form initially

will have a steeper density distribution after baryonic infall, and hence can no longer be

described by the same law. The halo rotation curves are determined by calculating the mass

inside spherical shells, and then using the Keplerian expression v2c = GM(r)=r. Ellipticity

corrections have been omitted, since the ellipticities of these systems have a maximum value

of around 0.25; the corresponding di�erence from a spherical rotation curve is very small

(Binney & Tremaine 1987, p.59) and the calculation involves time-consuming integrations

of the density to in�nity. Taking the ellipticity into account, the rotation curves would be

slightly more peaked at the center. In the left panels of Fig. 4 we give all the components

as well as the �nal rotation curve of a Hernquist halo. The disk has the same mass in

all three cases, Md= 0.03, and the scalelength is 0.05, 0.08 and 0.15ah. We also show the

rotation curves of the disk, the halo before infall, the �nal halo and an \no-interaction"

rotation curve, that results by adding the contribution of the disk and the initial halo, as

if no interaction has taken place. We also mark the radii at 10hd, to give an idea of the

observable range of the particular rotation curve. The basic feature in these plots is obvious:

The �nal rotation curves after they peak at around 2{3hd, are declining continuously; they

do not have a at part at all. It is interesting to notice that the �rst two \no-interaction"
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curves do have a signi�cant at part, which is destroyed by the disk-halo interaction. The

mass distribution of the halo is such that as the disk pulls material inward, the total mass

will always give a declining rotation curve. It is also important to stress that this is not

a problem of �ne-tuning; if it were, we should observe rising rotation curves also, and at

ones would be possible by adjusting the parameters properly. The problem lies within the

Hernquist pro�le itself. In the left panel of Fig. 5 we give all 9 rotation curves of this

model, grouped by disk mass. It is again obvious that, covering all possible values of mass

and scalelengths ratios, it is not possible to obtain a at rotation curve, such as the ones

observed in most of the intermediate- and a number of the high-luminosity spirals.

The situation is di�erent when we consider the 0 halo. In the right panels of Fig. 4 we

show the same con�gurations as before. This time, however, all three rotation curves have

a signi�cant at part. Only in the �rst rotation curve, with an hd of 0.05, is the at part

mostly outside the observable radius of 10hd. The other two are at from 4hd outward. It

is also interesting that the \no-interaction" rotation curves are nowhere at. The �rst two

are declining at radii where the disk dominates and then rising when the halo takes over,

thus also displaying a disk-halo transition region. The third one (hd=0.15) is rising at all

radii. This suggests that if the visible to dark mass ratio is 0.03, and if the primordial

halos have a form similar to that of the 0 model|i.e. with a large core|the \conspiracy

problem" is solved to a certain degree: The disk halo interaction during the collapse of the

former erases any obvious transition region, and also creates a at rotation curve over a

large range of radii, where before there was none. This is in agreement with the results of

Blumenthal et al. (1986) and Barnes (1987) for the rotation curves of isothermal halos. In

the right panel of Fig. 5 we give the rotation curves of all 9 runs. For f of 0.05 and 0.1, the

rotation curves are declining throughout. We should also notice that rising rotation curves

such as those observed in dwarf and Low Surface Brightness galaxies (de Blok et al. 1996)

cannot be produced by either of the two models used in this study. Even a very di�use

disk in a 0 halo gives a total rotation curve that is at beyond 3hd, and even begins to

decline slightly at around 8hd.

It should be mentioned that declining rotation curves are not unusual in bright, rapidly

rotating spirals (Casertano & van Gorkom 1991) Therefore, this should not constitute

grounds to dismiss a certain model. We do demand, however, that the model of choice

should also be able to produce at and featureless rotation curves, such as the ones ob-

served. Finally, it might be worthwhile to highlight a coincidence. The (initial) 0 model

that gives the at rotation curve for hd=0.08 in Fig. 4 is, at the end of the simulation,

almost a Hernquist model (from Table 2,  = 0.7). However, this Hernquist halo does not

arise from the CDM initial conditions, but from an \infall-modi�ed" non-singular halo.

This would be able to explain the successful �ts of Hernquist models to rotation curves

of luminous spirals by Sanders & Begeman (1994), and also the failure of these models

in the dwarf galaxies. Again, if the initial halos are non-singular, and have a large core,

the assembly of large luminous disks inside them would convert them into approximate

Hernquist models.
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Figure 5: All the rotation curves for each halo model, shown together. The curves are grouped

together by visible to dark matter ratio (f), and each one is arbitrarily shifted vertically for

clarity.

5 Baryonic blow-out as a means to create a core

In Sections 3 and 4 we conclude that the steep density gradient of the CDM halos makes

it impossible to create a rotation curve that is at, after the baryonic infall. A very crucial

test for any halo model is the comparison with the rotation curves of dwarf galaxies. These

galaxies have a very small baryonic content; the classical dwarf spiral DDO 154 according

to a \maximum disk" �t has a stellar mass of M? = 0:01�1010M� (Broeils 1992). This

quantity of visible mass is unable to account for the rotational velocity at any radius, and

therefore these galaxies are thought to be dark-matter dominated at all radii. The typical

rotation curve of a dwarf spiral rises linearly from the center, implying the existence of a

core in the halo density, and again being in sharp contrast with the singular structure of

the CDM halos (Burkert 1994, Moore 1994). A possible way to reconcile these two e�ects

is found in the very process that is supposed to create a dwarf spiral. These galaxies are

thought to have low visible mass at the present time not because of being initially poor

in baryons, but because most of the baryons were expelled from the galaxy at an early

stage, through supernova-driven mass outows (Dekel & Silk 1986). This process is likely

to a�ect the structure of the inner halo, and might be able to produce the desired core in

the density. Navarro, Eke & Frenk (1996) (NEF) made some simulations similar to the

ones in this paper to investigate this. Using Hernquist initial halos, they found that it is

indeed possible to create a core in the center: if the disk �eld is removed abruptly from a

halo-disk equilibrium con�guration, the halo tends to acquire its initial pro�le before the

disk growth, i.e. the Hernquist form. Because the process is non-adiabatic, however, the

halo \overshoots" the Hernquist pro�le and the �nal density distribution is less steep than
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Figure 6: Left panel: The e�ects on the halo density of blowing away all the mass of the disk.

Thick solid lines: Halo density after the growth of the disk is complete. Thin solid lines: Halo

density after the disk has been abruptly blown away. Right panel: The total rotation curve of

the galaxy, after blowing away a part or all of the disk. Thin solid lines: Initial rotation curves of

halo only. Thick solid lines: Total rotation curve (halo + disk) after the disk growth is complete

and the system is in equilibrium. Dashed curves: Total rotation curve after all (lower plot) or

only a part (upper plot) of the disk has been blown away. The vertical separation of the results

for the two models, with initial Md=0.03 and Md=0.1 is arbitrary.

r�1. The values of the disk parameters used by NEF are only marginally compatible with

angular momentum and baryon mass fraction constraints. They used disk scalelengths

of 0.01, 0.02 and 0.04ahand masses of 0.05�0.2Mh{ i.e., the initial disks that were blown

away are both too compact and too massive, especially in view of the fact that, in their

calculations, density cores are created only for Md>0.1 and hd= 0.01.

Here we extend the parameter space covered by NEF to the parameter space described

in previous sections of this paper. We follow the same procedure as NEF for a light di�use

disk and a massive compact one, using the combinations (Md, hd) = (0.03, 0.08) and (0.05,

0.05). These simulations begin at the point in time where those of Section 3 stopped; at

that certain moment the disk �eld is turned o� completely and the halo is left to seek a

new equilibrium. In addition to this, we repeat the procedure allowing the disk to keep a

fraction of its original mass; one would expect that, very roughly, this could have happened

to a number of luminous spirals, that did not lose enough mass through outows to be

called dwarfs. For this experiment we use two sets of disk parameters, (Md, hd) = (0.03,
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0.08) and (0.1, 0.05). In the �rst case the disk loses half its mass and in the second two

thirds of its mass.

Table 3: Parameters of the mass-loss runs

# M i
d hd Mf

d
 Rot. curve

(1) (2) (3) (4) (5) (6)

1 0.03 0.08 0.00 0.81 Rising

2 0.05 0.05 0.00 0.75 Rising

3 0.03 0.08 0.015 0.87 Flat

4 0.1 0.05 0.03 0.92 Flat

Columns in Table: (1) Reference number for the run (2) Initial

disk mass (3) Disk scalelength (4) Final mass of the disk (5) Best-

�t  of the �nal halo (6) Shape of the rotation curve in the region

7�10 disk scalelengths

The results are shown in Fig. 6. It is obvious that also with these values of disk

mass and scalelength the halo rebounds in the same manner observed by NEF in their

simulations. The density of the �nal halo|after the disk is lost|is shallower in the center

than the initial halo (before disk formation). The new density pro�le does not acquire a

constant density core. Quanti�ed in terms of , the smallest value attained by the shape

of the pro�le is  = 0:75, i.e. the pro�le is still rather steep in the center. However,

the remaining|pure halo|rotation curve is not very much di�erent than those of dwarf

spirals. It would be of interest to see whether these rotation curves can be �t with, say,

models having a  of 0.5�0.8.
The �nal rotation curves of the runs where the disk loses a part of its mass lie, as one

would expect, somewhere between the equilibrium (disk + halo) rotation curves and the

`pure halo' rotation curves. However, it is interesting to notice that since in the �rst case

the rotation curves are declining (see Section 4) and in the second case they are rising, one

would expect that the `partial loss' curves should be almost at! This is indeed the case,

as can be seen from the dashed curves in Fig. 6. It is interesting to compare the results

of run #4 in Table 3 (upper dashed curve) with those in the top-left panel of Fig. 4. The

two rotation curves have exactly the same disk parameters, (Md, hd) = (0.03, 0.05) but

the curve resulting from mass loss from an initially heavier disk is at, while the other

is declining. This mechanism o�ers a solution to the declining rotation curve problem

presented by the Hernquist halos.

It remains to be seen, however, whether most luminous spirals have indeed undergone

a mass loss comparable to the one needed in this scenario. The star formation rate (SFR)

necessary for this can be very roughly estimated by simple arguments. Following the

discussion in NEF, the energy required to blow away a fraction f 0 of the halo mass from

a halo with circular velocity Vc is of the order of f
0MhV

2
c . Assuming that a fraction ��

of the energy released by supernovae is deposited into the outow, the star formation

(in solar masses) needed to drive the outow is proportional to (f 0=��)V
5
c . Assuming a
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circular velocity of 150 km/sec, such as the one of the halos of average spirals, this gives

a total stellar mass of 7 � 1010(f 0=��)M� that has to be formed in a timescale less than

the dynamical scale of the luminous disk, roughly 108 years. Taking a value of 0.05 for f 0

and an �� of 0.01 (i.e. that 1% of the energy released by the supernova is deposited to the

blowout) this would give an SFR of 4�103M�/yr. This value is too large for any presently

observed galaxy, given for example that the maximum SFR attained by the starburst

galaxies observed by Calzetti (1997) is around 400M�/yr and that Lehnert & Heckman

(1996) have calculated an upper limit in star formation surface density of 20M�/yr/kpc
2

for a starburst galaxy. Since we don't really know, however, what physical processes might

have occured at the time of the formation of galaxies, this `partial' baryonic blowout might

eventually be a viable explanation of the at rotation curves.

6 Conclusions

Dark halos with an r�1 density peak at the center are by now the standard outcome of

high resolution CDM N-body simulations. Very recently, Moore et al. (1997) have pro-

duced halos with density singularities as steep as r�1:4, in collapse simulations employing

� 3� 106 particles. It should be noted here that this kind of density peaks, regardless of

the fact that they require high resolution in order to be observed, do not really depend on

the computational method used. They are due to a fundamental property of cold and col-

lisionless dark matter particles, namely that the phase space density is unconstrained and

there is no physically associated scale length; as a result, the dark halos formed will follow

power laws in density and will have zero core radii (Moore 1994). If one accepts CDM,

which successfully predicts the observed clustering scales for galaxies and clusters (Davis

et al. 1985) then the resulting halos have to be made compatible with the properties of

the observed HI rotation curves. However, increasingly this compatibility is not supported

by the data.

In this paper we simulate baryonic infall inside a dark halo, by adiabatically turning

on the potential of an exponential disk inside a spherical system of particles. This halo

is represented by spherical and isotropic N-body realizations of two of the -models of

Dehnen (1993). The =1 is the well known Hernquist model that has a central density

singularity and the =0 model has an (almost) constant density core and resembles an

isothermal sphere in the inner parts. The Hernquist pro�le is a good approximation to the

density pro�les of CDM halos, especially in the inner parts; we expect that the behaviour

of halo models such as the ones of Navarro et al. will be very similar to the Hernquist

models in these regions. The values used in our simulations for the visible-to-dark matter

ratio and the scalelength ratio span as large a range as possible, within the constraints set

by standard CDM cosmogonies. Our conclusions are summarized as follows:

(i) The growth of the disk inuences the shape of the halo, causing a non-negligible

attening in the inner parts. The axis ratio reaches a minimum of roughly 0.7 at about 2

disk scalelengths.

(ii) Both halo models acquire larger density gradients at the centre. The new pro�les

are still well described by the -models, but the �nal value of  has to be higher than the
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initial one. The changes are especially important in the case of the 0 model, where the

constant density core is destroyed and the initial  =0 is mapped onto a large range of 

's, from 0.2 to 1.2 (i.e. even steeper than Hernquist).

(iii) For a galaxy with a Hernquist halo initially, the amount of dark matter inside the

Holmberg radius almost doubles due to baryonic infall and the �nal ratio of luminous to

dark matter there is of the order of 0.15 to 0.50; this is true for all plausible scalelength

and mass ratios. In other words, the dark matter should already dominate the dynamics at

that point. There is a body of evidence which supports the suggestion that the luminous

matter dominates in the inner regions of the galaxy, the \maximum disk" hypothesis (van

Albada & Sancisi 1986), with the predicted luminous to dark mass ratio at the optical

radius having values around 1. This is also supported by Kent's (1987) mass model �ts

to optical rotation curves, the value found by Kuijken & Gilmore (1989) for the Milky

Way and by both maximum disk and best-�t �ts to H I rotation curves by Broeils (1992).

Hernquist halos give too large a fraction of dark matter inside the optical disk in comparison

to these values. This argument, however, has been weakened somewhat since the validity

of the maximum disk hypothesis has recently been questioned by Courteau & Rix (1997)

on the basis of the Tully-Fisher relation; they argue that the spiral disks are lighter than

the maximum allowed mass and that the contribution of the halo is equal to that of the

luminous mass already at 2.2hd.

(iv) The Hernquist halo, in response to the growth of the disk, gives a total rotation

curve that is nowhere at, for any combination of the parameters; it is always declining

beyond a few disk scalelengths, in sharp contrast to the observations of many spiral galaxies.

This supports the conclusions of various authors who argued against Hernquist halos,

based on their di�culty to explain the kinematics of dwarf spirals. Here we show that

this di�culty extends to luminous spirals also. A solution to this problem is rapid mass

loss of the protogalaxy through supernova-driven winds (baryonic blowout). Depending

on the initial mass, compactness and mass loss percentage of the disk, the rotation curve

can become at or rising, and the halo can even acquire a constant density core which can

explain the kinematics of dwarf spirals. For those galaxies, this scenario has been shown

to work. However, its plausibility in the case of luminous spirals is questionable because of

the fact that the primitive disks must have had either too much mass relative to the halo

or a very intense star formation rate to trigger the necessary mass loss.

(v) The 0 model, a compromise between the CDM and the isothermal halos, works very

well in producing extended at and featureless rotation curves for a visible to dark matter

ratio of 0.03. This happens for a wide range of disk scalelengths, and consequently solves

the disk-halo conspiracy problem as far as scalelengths of disk and halo are concerned.

It is shown here that the existence of a core in an initial halo model is enough to give a

at rotation curve, without the need for an r�2 density pro�le at large radii and a cuto�

radius. Rising rotation curves after baryonic infall, however, such as those observed in

dwarf spirals and low surface brightness galaxies cannot be produced by either of the halo

models considered in this paper.

These results, especially (iii) and (iv), sharpen the contrast between the way the dark

matter is organized in the cosmological CDM simulations and the form that is needed in

order to explain the kinematics of spiral galaxies. As a result, one might be prompted to
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consider alternative forms of dark matter, or alternative paradigms (Sanders 1990). Hot

Dark Matter, for example, does have the necessary phase space constraints to produce

the necessary large constant density cores in halos, but has other inherent problems such

as di�culty in small-scale structure formation (White et al. 1984). We can conclude by

saying that there is not yet an acceptable match between the theoretically predicted halos

and the observed rotation curves of spiral galaxies.
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A Stability of anisotropic models

In this Appendix we investigate the stability of anisotropic Hernquist halos, and briey

discuss disk growth inside these halos. We deal with Ossipkov-Merritt type anisotropy

(Ossipkov 1979, Merritt 1985) where the distribution function depends on the energy and

the angular momentum in a certain way: f = f(Q) where Q = E � L2=2r2a. In this

expression E is the energy, L is the angular momentum and ra is the so-called anisotropy

radius that determines the degree of velocity anisotropy through the relation

�2r
�2t

= 1 +
r2

r2a
; (9)

where �r and �t are the radial and tangential velocity dispersions respectively. As ra� >1
the system becomes isotropic, while ra = 0 gives purely radial orbits. The orbits are in

general isotropic in the center and become progressively radial outward for r > ra. For

su�ciently small ra this gives rise to the well known radial orbit instability that results in

the formation of a bar. The onset of instability has been extensively studied by Merritt &

Aguilar (1985) for Ja�e (1983) systems ( = 2). An analogous study of Hernquist models,

however, that have a much wider range of applications{bulges of spirals, elliptical galaxies

and dark halos{is still lacking. Apart from this, there are a few more reasons to study

the anisotropy in these systems. First, a radial anisotropy has indeed been found in the

systems that result from collapse and violent relaxation simulations (van Albada 1982,

Carlberg, Lake & Norman 1986). Second, the radial orbit instability and the subsequent

bar formation might be related to the very at halos found in some studies (Sackett &

Sparke 1990, Becquaert & Combes 1997). Finally, it would be of interest to consider the

e�ect of disk formation inside marginally stable dark halos.
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Figure 1: The phase space distribution function f(Q) as function of Q = E � L2=(2r2a) for

various values of the anisotropy radius ra. The thick solid line corresponding to ra=1000, is the

isotropic DF.

Our main objective here is to establish the minimum anisotropy radius ra or, alter-

natively, the maximum ratio of radial to tangential kinetic energies, 2Tr=Tt for which the

system is stable. A �rst estimate for the critical ra is given by Hjorth's (1994) extension

to Antonov's (1962) �rst law for the stability of isotropic systems, df=dE < 0. Hjorth's

criterion reads df=dQ � 0, where Q is de�ned as in the previous paragraph. In Fig. A2.1

we plot the distribution function of the Hernquist model as a function of Q for anisotropic

radii of 1000, 1.0, 0.5 and 0.3. The model with ra = 1000 is essentially isotropic. It is easy

to see that the DF for ra = 0:5 is marginally monotonic, while the DF for ra = 0:3 is not;

its derivative changes sign at around Q = �0:55. The instability, therefore, should begin

somewhere near ra = 0:5. We subsequently create models with ra = 0.5, 0.4, 0.3 and 0.25

and let them evolve (0.25 is the smallest possible anisotropy radius; beyond this the DF is

not everywhere positive). The total mass and Hernquist radius are, as before, equal to 1

and the number of particles is 32,000. The �nal state of these models, at t=30, is shown in

Fig. A2.2. The ra = 0:5 and ra = 0:4 models seem to be stable to eye inspection. The bar

instability is very clear, however, for ra < 0:4; as noticed also by Merritt & Aguilar (1985)

its onset is quite abrupt. For ra = 0:25 a conspicuous prolate bar is formed already by

t=15 and remains roughly unchanged from there on. We should notice here that the SCF

code is not very well suited to handle systems that are far from spherical symmetry, such

as this one. For this reason we repeat the ra = 0:25 run using a standard TREECODE

(Barnes & Hut 1986) and the results appear to be qualitatively the same. In Fig. A2.3 we

show the run of axis ratio (c/a) as a function of time, measured at the radius that includes

half of the total number of particles. Here it can be seen that the ra = 0:4 model is as a

matter of fact also unstable, thus setting the stability limit to ra = 0:5, in good agreement

with the prediction of Hjorth (1994). The strength of the bar depends on the anisotropy

radius; it is in general prolate or slightly triaxial, with axis ratios 1:0.85:0.80 for ra = 0:4

to 1:0.60:0.52 for ra = 0:25. Finally, a few words about disk growth in anisotropic halos. A
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Figure 2: Face-on views of the �nal state of 4 models with various degrees of anisotropy. The

models have been undersampled by a factor of 4 for clarity, so only 25% of the real number of

particles are shown here.
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Figure 3: Time evolution of the axis ratio c=a for the anisotropic models.
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Figure 4: Axis ratio as a function of radius for two data sets with pre-de�ned ellipticities. The

input axis ratios are shown by the dotted lines. The error bars are the standard deviations from

measuring the axis ratio at that particular radius on 5 di�erent realizations of the same model.

The black arrows indicate the radii that include 1000, 5,000 and 10,000 particles.

disk of mass 0.03Mhand scalelength 0.05ahis grown inside the two marginally stable halo

models, with ra of 0.5 and 0.4. The stability and shape of the halo do not appear to be

signi�cantly a�ected. The attening of the inner parts is the same as in the isotropic cases

of x3.1, but further than that no other remarkable e�ects are observed, in the sense that

the bar instability of the halo proceeds in the same way as if there were no disk at all.

B The accuracy of the axis ratio determination

In order to assess the reliability of the method for the determination of the axis ratio, we

do some tests using models with a certain �xed ellipticity. We create oblate Hernquist and

0 halos consisting of 66,000 particles, with two di�erent axis ratios (c=a), 0.7 and 0.3.

This is done by simply mapping the particle positions of the respective spherical models to

an ellipsoidal con�guration. These are not self-consistent models; the construction of such

models is not possible at this moment.

For each model 5 N-body realizations are made, each with a di�erent random number

seed. The axis ratio is then measured as a function of radius using the iterative diagonal-

ization of the inertia tensor, and the results for each realization are averaged to give a �nal

c=a pro�le. The results are shown in Fig. B1, where the error bars indicate the standard

deviation of c=a at each radius. As we can see, the reliability of the method depends

heavily on the number of particles involved. The ellipticity is always underestimated near

the center, but the axis ratio then converges rather quickly to the input value. For the

Hernquist model, with a steep density gradient, the errors at radii including 1000, 5,000
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and 10,000 particles are of the order of 10%, 1% and less than 1% respectively. The results

for the 0 are the same, except for the 1000 particles radius; the error there is around

15%. The errors at small radii for the 0 model are as a rule much larger, owing to the

small number of particles that \live" in the constant density core. In general, however, the

results are satisfactory. It should also be born in mind that the halos with a disk described

in the text will have smaller errors at small radii, as the presence of the disk increases the

number of particles there.





Chapter 6

Summary

1 Bulges of spirals: Light pro�le and evolutionary his-

tory

In this thesis, two problems have been addressed: The description of the surface brightness

pro�le of bulges, and, through that, the place of the bulge in the evolutionary history of

spiral galaxies.

In Chapter 2 the surface brightness pro�les of 30 late type spirals are decomposed into

bulge and disk. The classical decomposition method is used, of simultaneously �tting the

sum of two functions to the light pro�le; the di�erence between this and previous attempts

is the use of a seeing-convolved function for the bulge. Two di�erent functions are used

for the radial dependence of the bulge surface brightness, the standard de Vaucouleurs' (or

r1=4) law, �(r) / exp[�k(r=r0)1=4] and a simple exponential law, �(r) / exp[�k(r=r0)].
The degeneracy of the problem, i.e. the fact that the unique sum of a disk and a bulge

pro�le can under certain conditions be equally well �tted by either model, is carefully taken

into consideration by analyzing arti�cial pro�les and con�dence limits are established. By

the �ts it is found that for most of the galaxies, and especially for the ones with the

smallest bulges, the exponential function for the bulge gives a better �t to the data. More

important is the fact that with the exponential model the parameters of the bulge like

e�ective surface brightness and radius, span a much narrower range of values than with

the r1=4 law. Moreover, the correlations of the bulge parameters among themselves and

with those of the disk are much clearer.

In Chapter 3 a new bulge-disk decomposition method is developed, that uses the entire

2-dimensional image of the galaxy and makes no assumption about the surface brightness

law that the bulge and disk follow. It is applied on a sample of 30 early type spirals

observed in the near infrared K band. The e�ects of sky subtraction, limiting magnitude

and the errors introduced by the decomposition method are again considered in detail by

analyzing arti�cial images. After decomposition, the bulge pro�les are �tted using Sersic's

law, �(r) / exp[�k(r=r0)1=n] where n = 4 gives the de Vaucouleur's law, and n=1 gives

a pure exponential; this allows the shape of the light pro�le to be quanti�ed, through the

parameter n. The �nal best-�t n's range from around 1 up to 6, and they show a rather
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strong correlation with the morphological type of the galaxy and the bulge to disk ratio.

Early type spirals and S0's with a large B/D ratio have bulges with pro�les close to the

de Vaucouleur's law, while the bulges of Sa and Sb galaxies are better described by an \r-

to-the-half" law (n = 2). The bulges of even later types with the smallest B/D ratios are

close to exponential, in agreement with the results of Chapter 2. This correlation of n with

B/D ratio is most easily interpreted as an e�ect of the disk on the bulge. Furthermore, the

continuity in the spectrum of n might indicate that all bulges were formed by a common

mechanism early in the life of a galaxy, and their properties were later systematically

modi�ed by the formation of the disk.

In Chapter 4 the hypotheses of Chapter 3 are tested by numerical simulations. The

initial bulge is represented by an N-body sphere in equilibrium that follows an r1=4 law.

The potential of an exponential disk is then adiabatically grown in and around the bulge;

various masses and scalelengths of the disk are used, in order to cover the parameter space

of bulge to disk mass and scalelength ratio of real galaxies. When the formation of the

disk is complete, it is found that the best-�t n (of the Sersic law) has decreased indeed

from the initial value of 4 to smaller values, depending on the mass and scalelength of the

disk: More massive and more compact disks give a smaller n, in general agreement with

the results of Chapter 3. A large part of the observed correlation of n with B/D ratio

is reproduced, as well as the exact shape of a number of the observed pro�les. The same

result holds for the observed correlation of disk scalelength with bulge e�ective radius. This

correlation has been used to support the \secular evolution" scenario for bulge formation

(see the Introduction for details). In the simulations of this chapter the greatest part of

this trend is reproduced; it arises naturally if the bulge was formed before the disk, and

was later forced to a smaller size by the disk potential. The exponential bulges (n = 1),

however, cannot be produced by this mechanism; the induced decrease in n saturates at

around n = 2.

There are two main conclusions that we can draw from this work. First, the shape of

the surface brightness pro�le of bulges changes systematically with morphological type. At

least outside the resolution limit imposed by seeing e�ects, the bulges of early type spirals

follow in general the r1=4 law; as we move to later type galaxies the pro�les are described

by lower-n Sersic laws that fall o� more steeply with radius in the outer parts than r1=4 .

This result has now been con�rmed by a number of authors, both photometrically, using 2-

dimensional �tting techniques (de Jong 1995, Courteau et al. 1996) as well as dynamically,

through the bulge mass models required to �t the inner parts of rotation curves of spirals

(Heraudeau et al. 1997).

Second, the fact that this trend of the shape of the light pro�le is reproduced by

simulations where the bulge was formed before the disk, suggests that at least the bulges

of spirals as late as Sb were already in place when the disk started forming. Note that this

result does not necessarily falsify the possible late bulge formation via mergers or secular

evolution, but, along with the most recent age determinations, it provides strong support

to the opposite, \old" bulge scenario. The situation for the late type galaxies is not yet

clear. Given that the exponential shape cannot be attributed to the disk formation, and

that in these bulges phenomena such as `peanut' shape, disk-like velocity dispersions and

disk-like colors are most often observed, we can say that the secular evolution origin|such
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as, for example, vertical thickening of a bar|seems quite probable. A bar seen end-on has,

indeed, an exponential surface brightness pro�le. Perhaps late-type galaxies with a small

initial bulge to disk ratio are more susceptible to bar formation and subsequent growth of

an exponential bulge.

We are now in a position to place the bulge in the galaxy formation and evolution

picture with a little more con�dence: Bulges of early type spirals, were most probably

formed early in the life of the galaxy, either by collapse of the low angular momentum gas

in the halo to the center, or by hierarchical merging of subclumps, as indicated for example

by the latest HST results (Trager et al. 1997). Whatever the formation mechanism, the

disk was formed afterwards, and this process left its imprint on the bulge, in the systematic

change of the light pro�le that we observe today. In the late type spirals, the bulges that

we observe probably formed, at least in part, by other mechanisms; various candidates so

far are bar thickening and/or destruction, thickened disks, or bars themselves.

2 Dark halos of spirals: Initial density laws

In the last part of this thesis, we have considered baryonic infall inside a dark matter halo.

Our purpose is to study the e�ects that this has on the halo density distribution and on

the �nal form of the galaxy rotation curve. The ultimate goal is to put constraints on

the possible initial density distribution of the halo by comparing our results with observed

rotation curves.

Two models are used to represent the dark halos in this study. The �rst one is the

Hernquist model, with a density that rises steeply in the center as r�1. This model is a

good representation of the halos that form from the collapse of density peaks in the Hub-

ble ow, with Cold Dark Matter (CDM) initial conditions. The second model is the 0
model of Dehnen, that has a constant density core. The baryonic infall is simulated as in

Chapter 4, by slowly turning on the potential of a thin exponential disk inside the N-body

halo. The halo reacts to the baryonic infall by contracting and attening slightly. This

contraction causes the initial central density pro�le to become steeper, and this has some

direct consequences for the plausibility of the initial halo density law: Using CDM (i.e.

Hernquist) halos, the �nal (total) rotation curve of the galaxy does not have a at part, as

is observed in the majority of luminous spiral galaxies. For all the disk scalelength-mass

combinations within the limits set by angular momentum constraints and nucleosynthe-

sis arguments respectively, the �nal rotation curves are declining almost throughout the

observable range of radii. The 0 halo can give the desired at and featureless rotation

curves; until this moment, however, only Hernquist-type halos are formed in cosmological

CDM simulations (Moore et al. 1997, Navarro et al. 1996)

This incompatibility between CDM halos and observed rotation curves has been realized

in the past for dwarf galaxies, whose rising rotation curves are in clear contrast to the form

of these halos. Here we show that this extends also to the at rotation curves of normal

spirals. To explain at rotation curves, halo models with a constant density core are

needed; this might imply that alternative forms of dark matter need to be considered.
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3 Outlook

The overall problem considered is galaxy formation; bulge or halo formation and evolution

are just two pieces of this puzzle. At this moment there is a large inux of new data on

high redshift galaxies from HST and the new 10m class telescopes that will undoubtedly

shed new light on our understanding of galaxy evolution. The much needed HST data on

the centers of bulges are being analyzed, and in this respect, research is already in a very

promising track and new suggestions are redundant. However, as often happens in Astron-

omy, theoretical progress lags behind the experimental data. It is therefore the author's

opinion that we need a better understanding of the combined e�ects of the various physical

processes in galaxies, and this can be accomplished through large scale numerical simu-

lations in the manner of Katz (1991) and Steinmetz & Muller (1995). These simulations

are rapidly becoming faster and more sophisticated, and together with some|constantly

in demand|radical new ideas that would prompt us to either review or strengthen the

current theories, might lead to a greater understanding of the process of galaxy formation.
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Wanneer we naar een plaatje van een spiraalstelsel kijken zoals Fig. 1 in het inleidend

hoofdstuk van dit proefschrift, kunnen we twee hoofdcomponenten onderscheiden : de schijf

en de 'bulge' (de verdikking in het centrum). Zoals de naam het zegt heeft de eerste de

vorm van een dunne schijf terwijl de tweede het elliptische systeem is in het centrum. Het

overgrote deel van de massa in deze twee komponenten bevindt zich in sterren; de schijf

bevat daarnaast ook nog grote hoeveelheden gas en stof, doorgaans gemeenschappelijk on-

der de noemer `interstellaire materie' geplaatst. Hoofdstukken 2, 3 en 4 van dit proefschrift

gaan over de verdeling van sterren in de bulge, en wat we hieruit kunnen leren aangaande

het tijdstip en het mechanisme van de vorming van de bulge en het sterrenstelsel in het

algemeen. De bulge bestaat voornamelijk uit oude sterren die rond de symmetrie-as van

het sterrenstelsel roteren. Maar omdat we niet weten in welke mate de sterren van de

schijf bijdragen tot de lichtkracht van de bulge, is het moeilijk om een precieze beschrijv-

ing te geven van de manier waarop de bulge-sterren verdeeld zijn. Dit staat bekend als het

'bulge-schijf ontbinding' (bulge-disk decomposition) probleem. Doorgaans lost men dit op

door te veronderstellen dat de bulges van alle sterrenstelsels een dichtheid en oppervlakte-

helderheidsverdeling hebben die gelijkt op die van elliptische sterrenstelsels; namelijk dat

de logaritme van de oppervlaktehelderheid evenredig is met de straal tot een zekere macht

(1/4). De som van deze wet en van een exponentiele schijf wordt dan ge�t aan de totale

oppervlaktehelderheid van het sterrenstelsel, en de parameters van de bulge worden dan

afgeleid uit best-�t parameters van deze r(1=4) wet. In Hoofdstuk 2 verlaten we de veronder-

stelling dat de dichtheid en oppervlaktehelderheidsverdeling van de bulges gelijkt op die van

elliptische stelsels en gebruiken in de plaats een wet die zegt dat de oppervlaktehelderheid

exponentieel afhangt van de straal (plain exponential). We tonen aan dat dit een betere

en meer consistente beschrijving is van de bulges, vooral voor sterrenstelsels waar de bulge

klein is in vergelijking met de schijf. In Hoofdstuk 3 wordt deze conclusie bevestigd en

gesterkt door een nieuwe, model-onafhankelijke decompositiemethode te introduceren om

de bulge uit het totale pro�el van het stelsel te extraheren. Men vindt dan dat de vorm van

het bulgepro�el systematisch wijzigt, afhankelijk van de relatieve grootte van de bulge en

de schijf. Relatief grotere bulges hebben een gelijkaardig pro�el aan dat van de elliptische

stelsels, terwijl kleinere bulges pro�elen vertonen die steeds dichter bij de exponenti�ele wet

liggen. Wat kunnen we hieruit nu leren over het tijdstip en het mechanisme van de vorming

van de bulge?

Er zijn twee verschillende scenario's over hoe zo'n bulge gevormd wordt. Volgens het

eerste 'klassieke' scenario is die gevormd toen het sterrenstelsel nog jong was, voor de

schijf gevormd is. Volgens het tweede scenario wordt de schijf eerst gevormd en pas later
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de bulge, door processen die materiaal ophopen in het centrum van de schijf. Als de

schijf later gevormd is dan de bulge, dan is het mogelijk dat dit proces zijn signatuur heeft

achtergelaten op de oppervlaktehelderheid van de bulge; het zou kunnen dat de verandering

in de helling van het oppervlaktehelderheidspro�el van vroeg tot laat type spiraalstelsels het

e�ect is van de vorming van de schijf na de bulge. In Hoofdstuk 4 doen we een numerieke

simulatie van de vorming van de schijf rond een al bestaande bulge. De bulge wordt

vertegenwoordigd door enkele tienduizenden deeltjes in evenwicht en het krachtenveld van

de schijf wordt hier langzaam omheen gevormd. Het resultaat is dat het pro�el van de bulge

inderdaad verandert van de oorspronkelijke elliptisch-stelsel-achtige vorm naar een meer

exponenti�ele vorm, afhankelijk van de massa van de disk. De conclusie is dat de meeste

bulges die we tegenwoordig waarnemen zeer waarschijnlijk gevormd werden voorafgaand

aan de schijf; dat wil zeggen, het `klassieke' scenario lijkt correct te zijn voor deze bulges.

Echt exponenti�ele bulges kunnen op deze manier echter niet gevormd worden. Het lijkt

waarschijnlijker dat ze gevormd zijn n�a de schijf, als gevolg van de opeenhoping in het

centrum van gas en sterren uit de schijf.

Het laatste deel van dit proefschrift behandelt een component van spiraal stelsels die niet

gezien kan worden omdat het geen waarneembare electro-magnetische straling uitzendt|

het is donker. Hoe weten we dan dat het er is? De belangrijkste indicatie voor het bestaan

van donkere materie is de snelheid waarmee de sterren in de zichtbare schijf van het stelsel

rond het centrum roteren. De grootte van deze snelheden hangt af van de massa die zich

binnen de afstand van deze sterren tot het centrum bevindt; hoe groter de massa, des

te groter de snelheid. De stellaire snelheden in de buitendelen van stelsels, voor het eerst

waargenomen in de zeventiger jaren, laten zien dat er veel meer massa in een melkwegstelsel

aanwezig is dan we met onze optische of radio telescopen kunnen zien. Tenzij we bereid

zijn de zwaartekrachtswet van Newton aan te passen, is de enige uitleg hiervoor dat er een

extra massa component in spiraal stelsels bestaat, de zogenaamde donkere halo, die zich

van het centrum van deze stelsels uitstrekt naar een onbekende straal, ver voorbij het punt

waar de zichtbare materie ophoudt.

De rotatie krommes van melkwegstelsels kunnen het best verklaard worden door een

verdeling van de donkere materie aan te nemen die een constante dichtheid heeft binnen

een bepaalde straal. Dit gebied van constante dichtheid wordt meestal `core' (kern) ge-

noemd, en deze modellen beschrijven een ongeveer isotherme bol. De donkere halo's die

in cosmologische simulaties gevormd worden hebben deze verdeling echter niet. In plaats

van een constante dichtheid nabij het centrum, neemt de dichtheid snel toe naarmate we

dichter bij het centrum komen. Deze halo's worden 'singulier' genoemd. Behalve voor

dwergen en lage oppervlakte helderheids stelsels, kunnen de rotatie krommes nog steeds

makkelijk gemodelleerd worden met een dergelijke donkere materie verdeling. Deze andere

verdeling lijkt dus geen groot probleem te zijn. Er vindt echter wel een proces plaats dat

de zaken bemoeilijkt: de vorming van het zichtbare stelsel in de donkere materie halo. In

Hoofdstuk 5 simuleren we de vorming van een stelsel in een donkere halo. Het invallen

van de baryonische materie naar het centrum heeft enkele nogal belangrijke gevolgen. Een

deel van de donkere materie wordt door dit proces naar binnen getrokken, en de dichtheid

van de donkere materie zal in het centrum dus nog sneller toenemen dan oorspronkelijk

het geval was. De uiteindelijke vorm van de donkere halo kan met geen mogelijk meer
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de vorm van de rotatie kromme verklaren; de rotatie kromme die uit de simulaties volgt

daalt, terwijl de waargenomen krommes vlak zijn of stijgen. Deze inconsistenties tussen

de halos die gevormd worden in het Cold Dark Matter model en de halos die nodig zijn

om de waargenomen rotatie krommes te verklaren, zouden erop kunnen duiden dat andere

vormen van donkere materie overwogen moeten worden, of dat er helemaal van het idee

van donkere halos afgestapt moet worden.
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