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Contrary to historic assumptions, bulges in the local Universe present a heterogeneous class

of objects. Observations indicate that bulges are bimodal in structure, interstellar medium,

stellar populations and dynamical state. Using observations in the UV, optical, near-infrared

and mid-infrared we study the nature of local bulge-disk galaxies. The aim is first to find

consistent means to differentiate different bulge types. Then we can use these diagnostic

methods to study the properties of bulges of each type, thereby better understanding the pos-

sible formation mechanisms of each type. Finally, we will use these diagnostic methods to

determine how many of each type of bulge exists in the local Universe, and thus understand

how the heterogeneity of bulges may affect our understanding of galaxy evolution.

Using 3.6-8.0� m colors we show that dichotomy in bulge morphology is closely
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tied to the dichotomy in bulge interstellar medium. We find that those bulges with active

interstellar medium, per unit stellar mass, have morphological features commonly found in

disks (e.g. nuclear spirals, bars and rings). We follow thisup with more robust star forma-

tion rates, as measured by linear combining UV and 24� m luminosity, and determine that

the boundary is near specific star formation rate� 30 Gyr−1. We also find that the shape of

bulge surface brightness profiles correlates well with morphology. When parameterized by

a Sérsic function,� (r) � r1� nb we find that bulges withnb � 2 have disk-like morphology

and those bulges withnb � 2 have morphology that is very similar to that of an ellipti-

cal galaxy. We thus conclude that bulges with disk-like nuclear morphology, specific star

formation rate that is less than 30 Gyr−1, and/or Sérsic indexnb � 2 represents a distinct

class of object. We refer to these bulges as “pseudobulges” and the complimentary set of

bulges that are inactive, with high Sérsic index, and morphologically like elliptical galaxies

is referred to as “classical bulges.”

We find that a significant amount of evidence points to pseudobulges and classical

bulges originating from separate formation mechanisms. First, we rule out the possibility

that pseudobulges are the result solely from mass dependentphenomenon. Rather, pseu-

dobulges and classical bulges over lap significantly in mass, luminosity and size. Also,

they are found in galaxies of similar mass, luminosity and size. Therefore, pseudobulges

are not simply a low-mass phenomenon of the same process. Also, we find that many of

the properties of pseudobulges are connected to propertiesof the outer disk. We find that

the half-light radius of pseudobulges correlates linearlywith the scale-length of the outer

disk. Furthermore, this correlation does not exist for classical bulges. Also, the mass of

pseudobulges correlates with the mass of the outer disk.

We find that the star formation rate density of pseudobulges is a function of the

stellar mass of the exponential outer disk such that pseudobulges with high star formation

rate densities only occur more massive stellar disks. Thus it appears that both structure

and growth of pseudobulges is a function of the properties ofthe outer disk. However,
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classical bulges do not show the same correlations. Also, wefind that the star formation

rate density of pseudobulges positively correlates with the mass density, classical bulges do

not show an analogous correlation. If secular growth were responsible for the formation of

pseudobulges, such a correlation should exist. Furthermore, we find that the specific star

formation rates of most pseudobulges are high enough to account for the stellar mass within

the typical ages of disk (� 10 Gyr).

We also show that classical bulges participate in the same structural parameter cor-

relations as elliptical galaxies. Just like elliptical galaxies, as classical bulges become

brighter they also become larger in radius, lower in surfacedensity, and have higher Sér-

sic index. However pseudobulges behave very differently. There is little-to-no correlation

between the size of pseudobulges and the luminosity, surface brightness or Sérsic index.

We stress that this observation extends of 9 magnitudes in brightness. Therefore the size

of pseudobulges, has thus far only been found to correlate with the size of the outer disk.

Furthermore we find that pseudobulges show a positive correlation between surface density

and luminosity. The behavior of pseudobulges in these parameter correlations implies that

they are not virialized stellar systems that have experienced violent relaxation. Thus it is

likely that the formation of pseudobulges is not like that ofelliptical galaxies and classical

bulges. Furthermore, the connection between pseudobulge properties and those of their as-

sociated outer disk seem to favor long-term growth that is more likely to be driven by disk

processes, commonly called “secular evolution.”

Finally we show that the dichotomy of bulge types has a stronginfluence on our

understanding of galaxy evolution. We find that global galaxy properties are tied to the

bulge dichotomy. Galaxies with pseudobulges are found to bein “blue sequence” galaxies

and those with classical bulges are found to be in “red sequence” galaxies. A large body

of literature has shown that blue and red galaxies appear to be distinct classifications of

galaxies. The correlation with bulge type implies that the bulge dichotomy may be also be

a consequence of the bimodal nature of galaxy evolution. Finally, we show that in the local
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Universe pseudobulges are by far the most common type of massive galaxy. We find that

only 17% of galaxies have a detectable classical bulge. Alsowe show that over 3/4 of the

star formation in spiral and elliptical galaxies in the local Universe occurs in galaxies with

pseudobulges. Thus understanding pseudobulges is a necessary step to understanding the

processes that have lead to the population of galaxies in thenearby Universe.
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Chapter 1

Overview

A large amount of evidence now indicates that what was historically considered one single

type of object,bulgesappears to be a heterogeneous class. “Classical” bulges areold, dy-

namically hot, and morphologically like E-galaxies. “Pseudobulges” are defined as young,

star forming, dynamically cold, and morphologically like S-type galaxies. In Fig. 1.1, I

show an HSTV-band image (top) and a Spitzer 24� m image (bottom) for a classical bulge

galaxy (NGC 2775, left) and a pseudobulge galaxy (NGC 5055, right). The 24� m can be

interpreted as a map of star formation. The pseudobulge shows no break in star formation

from the disk to the bulge. The entire galaxy appears like a spiral galaxy, despite the bulge-

to-total mass ratio,B� T � 20%. The classical bulge galaxy shows a very distinct hole in

star formation where the bulge is located.

Bulge assembly in� CDM scenarios is typically understood to proceed through

galaxy-galaxy merging. Merging of similar mass galaxies produces dynamically hot, con-

centrated bulge components, similar to elliptical galaxies (Barnes & Hernquist, 1992). It

seems plausible that this could make classical bulges. Yet pseudobulges are rotating-diffuse

systems, it is unlikely they form this way. More modern� CDM simulations find that most

disk galaxies acquire stellar mass through minor mergers (e.g. Parry et al., 2009). Yet this

is limited as successive accretion heats and eventually destroys a galactic disk.
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Figure 1.1 Top panels show HSTV-band images of a classical bulge (NGC 2775, left) and
a pseudobulge (NGC 5055, right). The bottom panels show Spitzer 24� m images of the
same two galaxies. In the pseudobulge, spiral structure extends all the way to the center
of the galaxy, there is no break in star formation disk to bulge. In the classical bulge, the
isophotes are smooth and undistorted, very similar to an E-type galaxy, and the classical
bulge is not forming stars. Note the 24� m image is of the entire galaxy, the HST image is
only the center,� 1 kpc2.
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How can pseudobulges form with out merging? Non-axisymmetries in galactic

disks (e.g. bars and spiral structure) shock gas as it orbitsin the disk (Athanassoula, 1992).

This facilitates angular momentum loss, and gaseous inflow.Indeed, barred galaxies have

high CO densities in their centers (Sakamoto et al., 1999; Jogee et al., 2005). As the gas

density increases, the center forms higher densities of stars, and the bulge-to-total luminos-

ity ratio (B� T) gets bigger. This scenario -secular evolution- creates star forming bulges

with dynamics similar to that of disk galaxies.

Abadi et al. (2003) show that models have trouble accountingfor the number of

disk galaxies; if pseudobulges are common this problem becomes much greater. Even

though secular evolution and minor merging may not be mutually exclusive (Bournaud &

Combes, 2002). Pseudobulges at the least indicate a colder,lower mass accretion history,

regardless of Hubble type or bulge-to-total light ratio. Therefore understanding the nature

of pseudobulges, as well as their relative frequency is critical to an accurate understanding

of galaxy evolution.

In Chapter 2, (also Fisher, 2006b) I measured 3�6− 8�0 � m color profiles of 50

galaxies in both Spitzer and Hubble archives. Using this data I show that indeed the center

of pseudobulge galaxies (especially those with bars) have very different ISM than those

with classical bulges. I show the color profiles for all galaxies in my sample. If we assume

that the 3.6� m is mostly stellar light, these results imply the balance ofPAH to star light

in pseudobulges is very similar to that of their associated outer disks.

In Chapter 3 (also Fisher et al., 2009) I study the star formation rates and stellar

mass of pseudobulges. I am principally interested in determining if the present day star

formation is significantly altering the stellar mass of pseudobulges. For this I measured sur-

face brightness profiles of 50 galaxies with GALEX FUV, IRAC 3.6 � m and MIPS 24� m.

I used the GALEX and MIPS data to derive a star formation rate indicator. Also, I derived

a 3.6� m mass-to-light ratio that is a function ofB−V color. I show a positive correlation

between the SFR density and the stellar mass for pseudobulges (not for classical bulges).
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Furthermore, I find that present day SFR in pseudobulges are typically high enough to build

the mass of the bulge within typical disk ages,� 10 Gyr. Given that no evidence of a merger

is in progress, these findings support the hypothesis that growht is driven by disk processes.

In Chapter 4 (Fisher & Drory, 2008, also) I study the spatial distribution of stellar

light in pseudobulges. Among the principle concerns in studying bulges of different types,

is knowing of we can accurately identify different bulges. In Fisher & Drory (2008) I test the

hypothesis that Sérsic index (a fit parameter accounting forcurvature in brightness profiles

of bulges and elliptical galaxies) is a good identifier of different bulge types. For 102 nearby

galaxies, I construct composite Hubble Space Telescope (HST) and ground based data sets.

For all galaxies in the sample, I observe and reduce images taken on the wide-field imager at

McDonald Observatory, and also reduce archival HST images,as well as any other available

archived data (e.g. SDSS). We find that Sérsic index is a good indicator of bulge type. In

our sample no classical bulges hasnb � 2, and less than 10% of the pseudobulges hasn � 2.

In Chapter 5 I continue to focus on the structural propertiesof pseudobulges. I

calculate bulge-disk decompositions of a representative sample of 176 E-Sd galaxies from

the Spitzer archive. We find that the half-light radius of pseudobulges does not correlate

with Sérsic index or mean surface brightness. The results ofthis work indicate that the

size of pseudobulges is uniquely determined by the size of the outer disk. I also find a

positive correlation between pseudobulge luminosity and pseudobulge surface brightness,

brighter pseudobulges are more dense. These results are very different than the traditional

results for elliptical galaxies and suggest that pseudobulges are indeed very different types

of objects. Furthermore, we identify a new class of bulges called “inactive pseudobulges.”

These bulges have both low Sérsic index and disk like nuclearmorphology, however they

have very low specific star formation rates. We find that inactive pseudobulges are very

similar to models of with both a classical bulge and a pseudobulge residing within a single

disk galaxy.

In Chapter 7 (also Drory & Fisher, 2007), I study the global properties of galaxies
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with pseudobulges and classical bulges. We compare the location of galaxies with pseu-

dobulges or classical bulges in the color-magnitude plane of galaxies. For this paper I de-

termined optical morphologies and calculated galaxy colors for all galaxies in our sample.

We find that that pseudobulges are preferentially in blue galaxies, and classical bulges are

exclusively in red galaxies. We argue that these results indicate that the processes allowing

a galaxy to have a pseudo- or classical bulge, affects the baryons of the entire halo.

Finally in Chapter 8, determine how common bulges of each type are in the local

11 Mpc (the region in which the Spitzer archive is complete for S0-Scd galaxies). I find that

in the local Universe galaxies with either no bulge at all or pseudobulges account for 83%

of the galaxies and roughly 60% of the mass. It is important tonote that the local 11 Mpc is

biased to low density, and therefore may over emphasize the number of pseudobulges, with

respect to cluster environments.Nonetheless, galaxies with actively growing pseudobulges

overwhelmingly dominate the local population of S0-Sd diskgalaxies over all luminosities.
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Chapter 2

Central Star Formation and PAH

Profiles in Pseudobulges and

Classical Bulges1

2.1 Introduction

Fundamental to understanding the formation of galaxies is understanding the mechanisms

responsible for forming the stars in these galaxies. Bulgesare thought to have formed their

stars in and shortly after the fast, violent process of merging stellar systems Schweizer

(2005). However, secular evolution can make bulges as well.Secular evolution is the slow

rearrangement of material within a galaxy. Kormendy & Kennicutt (2004) (here after

KK04) gives a thorough review of the properties of bulges thought to be built by secu-

lar evolution, and show many examples of pseudobulges that could not have been made by

mergers. Secular drivers often work by causing gas to lose angular momentum and fall to

the center of the galaxy. This effect is quite pronounced in galaxies with bars. Hydrody-

namical simulations of gas in barred potentials, by Athanassoula (1992) show that shocks

1This chapter has been published as Fisher, D.B. 2006 ApJ, 642, L17.
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on the leading edge of bars cause this angular momentum loss.Observations of velocity

contours crowding on the leading edges of bars supports thistheory Downes et al. (1996);

Regan et al. (1999). It is also well known that the surface density of star formation scales as

a power law with the surface density of gas,
�

SFR
� � 1�4

gas Kennicutt (1998a). Therefore if

enough gas is driven to the center of a disk galaxy, star formation will convert the gas into

a pseudobulge. KK04 gives a connection between ISM and star formation properties to a

specific kind of pseudobulge (those have star forming nuclear rings). They show that star

formation rate densities for circumnuclear rings are higher than their associated outer disks.

Further, KK04 estimates the timescale upon which circumnuclear disks are converted into

stellar disks, giving an estimate� 0.2-2 Gyr for pseudobulge formation. Therefore, active

star formation should be present in many present day pseudobulges.

Recent work on star formation in the central kiloparsec of galaxies has shown that

many bulges are forming stars, and that secular evolution may be responsible. Regan et al.

(2001) compares the radial distribution of CO to the stellarlight profiles in 15 spiral galax-

ies. They find that 8 of the 15 galaxies show an excess of CO emission in the “bulge”

region of the galaxy, and further that the central CO radaialdistribution is similar to that

of the stellar light. Helfer et al. (2003) find that 45% of the galaxies in the BIMA SONG

survey have a peak CO emission within the central 6� � , while many galaxies have a central

hole in the CO map. This suggests that there may be multiple types of molecular gas distri-

butions in galaxies. Regan et al. (2001) note that this couldbe the consequence of a bulge

being formed via secular evolution. Stellar age gradients in bulges of disk galaxies suggest

multiple formation mechansims as well.

Sakamoto et al. (1999) compare the concentration of molecular gas in the center of

galaxies to the frequency of drivers for secular evolution (i.e. bars). They find, with a sam-

ple of 20 galaxies, that molecular gas is more centrally concentrated in galaxies with bars.

Recently, Sheth et al. (2005) shows that among galaxies selected to be bright in CO, barred

galaxies have more centrally concentrated gas than in galaxies without bars. However, they

7



Figure 2.1 HST images of the centers of two spiral galaxies. On left is an HST WFPC2
F606W image of a typical pseudobulge, NGC 4536. On the right is an ACS F814W image
of a galaxy identified as a having classical bulge, NGC 2841. Notice that in the classical
bulge the over all structure is mainly featureless and round; where as the pseudobulge is
quite different it is not very round and shows a nuclear spiral. In both images the line in the
lower right corner indicates 5 arcseconds.

do find a few barred galaxies which do not show a large presenceof molecular gas.

In this letter I tie together indicators of star formation rates (SFR) with other mea-

sures of secular evolution. I show that galaxies with any central structure indicative of

pseudobulges exhibit an enhanced amount of star formation (as indicated by the 3.6-8.0� m

color profile and PAH emission). I also show that timescales are plausible to assume that

these pseudobulges are being built by mostly star formation.

2.2 Pseudobulge Identification

Results from HST surveys of centers of late type galaxies Carollo et al. (2001) have shown

that many galaxies harbor nuclear spirals, bars, and rings;these are disk phenomena and

are not possible in a hot stellar system. Also, many spiral galaxies have similar central

fattenings compared to their outer disk Kormendy (1993); Fathi & Peletier (2003). Further

Kormendy (1993) shows that many bulges have cold stellar dynamics, more reminiscent of
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disks than elliptical galaxies. Many studies also suggest that the shape of the stellar surface

brightness profile of bulges (in bulge-disk decompositions) can be used to identify pseu-

dobulges. Pseudobulges have nearly exponential surface brightness profiles, as opposed

to classical bulges which are closer tor1� 4 profiles Courteau et al. (1996a); Carollo et al.

(2001); Fisher (2006a).

KK04 ties all of this together into a single picture, suggesting that bulges exhibiting

these properties are formed through secular evolution. In this study, I classify galaxies as

having a pseudobulge using bulge morphology; thus if the “bulge” is or contains a nuclear

bar, nuclear spiral, nuclear ring, and/or the flattening in the central region is similar to the

flattening in the outer disk, the “bulge” is actually a pseudobulge. Conversely if the bulge

is featureless and more round than the outer disk, the bulge is called a classical bulge.

Figure 1 illustrates a typical example of what I identify as apseudobulge (left) and

a classical bulge (right). Notice first that the classical bulge (NGC 2841) has a smooth

stellar light profile. There is no reason evident in the imageto think that this galaxy harbors

a pseudobulge. This galaxy has little to no dust emmission inthe bulge. Helfer et al.

(2003) find no molecular gas in the center. This classical bulge is not actively forming

stars. It is worth noting that the presence of a little dust inthe center of a galaxy does

not necessarily mean that the bulge is a pseudobulge. Lauer et al. (2005) provide many

examples of nuclear dust in elliptical galaxies, which certainly did not form through secular

evolution. Thus, merely relying on visual identification ofdust in bulges for pseudobulge

identification should be done with care.

NGC 4536 is an example of a galaxy with nuclear spiral structure and patchiness

(i.e. a pseudobulge). A decomposition of the stellar surface brightness profile shows that

the pseudobulge dominates the light profile out 8.5 arcseconds. This implies that the entire

pseudobulge appears to exhibit spiral structure. Koda et al. (2005) find that the central 500

pc of this galaxy is forming stars at the rate of� 9 M� yr−1 kpc−2.

I carry out this classification process on disk galaxies in the Spitzer archive data,
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Figure 2.2 Profiles of all 50 galaxies considered in the sample. The left panel shows color
profiles of all galaxies, the middle panel compares the averages of pseudobulges and clas-
sical bulges, and the right panel shows the average profiles of each Hubble type.

spanning the Hubble types S0 to Sc. I select from that only galaxies that also have available

visible band images in the the HST archive, for pseudobulge identification. Three elliptical

galaxies are added for comparison. Galaxies in which bulge classification is uncertain, or

those with bright AGNs are not included. The total sample is 50 galaxies.

2.3 PAH emission and Color profiles

I use the Spitzer IRAC 8� m channel as an indicator of star formation rates. The usefulness

of IR flux as a star formation rate indicator has been proven byWu et al. (2005). They

show that luminosities a stellar light adjusted 8� m channel, L(PAH) = L(8� m)- 0.26 L(3.6

� m), correlate well for giant galaxies with other star formation indicators, namely radio

luminosity and H� flux.

The aim of this letter is to determine if bulges that are believed to have formed

via secular evolution are more likely to be forming stars activeley than bulges believed to

have formed in mergers. I expect to find that galaxies which are found to harbor pseudob-

ulges should have a more centrally concentrated distributionof PAH emission, than galaxies

found to have classical bulges. To test this claim I calculate surface brightness profiles of

Spitzer fluxes in 3.6� m and 8� m. This allows me to compare the distribution stars to that
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of PAH emission in each galaxy.

The disparity in star formation properties between pseudobulges and classical bulges

is evident in the 3.6� m - 8 � m color profiles, shown in Figure 2 (left panel). Note that the

8� m data in the color profile is not corrected for stellar light.In these color profiles re-

gions with redder colors are more actively forming stars (higher PAH emission per stellar

luminosity). Figure 2 shows that those galaxies identified as having a pseudobulge do not

have markedly different color profiles in their bulges as compared to their associated outer

disks. Perhaps more compelling is the regular behavior of the classical bulge profiles. In

general, classical bulges show a marked change in color profile getting bluer, indicating a

change toward smaller star formation rates. The 3.6� m - 8 � m colors of classical bulges

agree quite well with those of elliptical galaxies (shown asblack lines). Also shown (in

the middle panel) is the averaged profile of the pseudobulges(red line) and classical bulges

(blue line). The average profile of the pseudobulges shows a modest decline but is roughly

constant across the entire profile. Especially compared to the average profile of the classical

bulges, which shows the decrease in star formation rates in the centers.

Pieces of the puzzle of bulge formation are fitting together.Those galaxies identified

as pseudobulges are forming their stars at similar rates to outer disks. KK04 state that

pseudobulge recognition is possible because pseudobulgeshave a memory of their disky

past. This is generally refering to pseudobulges having cold stellar dynamics, like disks.

It appears that this statement applies to star formation as well; the processes which make

pseudobulges are believed to be disk processes. Wyse et al. (1997) remark that “bulges are

more like their disk than they are like each other.” Commentslike this reflect a history in

which all bulge-like structures were thought to have come from similar formation events.

However, one sees clearly that separating out pseudobulgesfrom (merger built) classical

bulges results in quite regular star formation properties in classical bulges.
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2.4 Variation With Morphology

The idea that secular evolution becomes more important at later Hubble types is well ac-

cepted (KK04 and references therein). If pseudobulges build their mass slowly, then it

should be less likely to find a large pseudobulge because it would take longer to form. Pre-

vious studies have found that earlier type spirals which show molecular gas emission are

emitting at higher luminosities than later types (Sheth et al. 2005). This is actually not

surprising. Sa and S0 pseudobulges do exist (KK04). Also, the Hubble sequence is one

of decreasing bulge to disk ratio; thus secular evolution may be either more pronounced or

longer lived in galaxies which are to become Sa galaxies. To account for variation in bulge

mass I calculate specific star formation rates (SFR normalized by the total stellar mass of

the same region). Stellar bulge masses are caclulated by integrating the the 3.6� m emission

within 1.5 kpc, and assumingM � L3�6 � 1. Figure 3 shows the specific star formation rates

for the central 1.5 kpc of each disk galaxy in my sample. In this sample pseudobulges in

Sa galaxies have roughly the same or lower amounts of centralstar formation per unit mass

than later types. Though, it is worth noting that any study ofHubble types with a sample

size of 20-50 galaxies will inevitably involve small numberstatistics.

The right most panel of figure 2 shows that star formation dominates the inner kilo-

parsec of late type galaxies (Sbc & Sc), has moderate effectsof intermediate types (Sa &

Sb) and has little to no central star formation in early types(E & S0). The right panel of fig-

ure 3 shows the dependence of specific star formation rates onsecular driving mechanism.

It also illustrates the frequency of pseudobulge and bulgesin galaxies with ovals (O), bars

(B), and neither (N). The result is that the average amount ofcentral star formation rates

for galaxies with ovals and bars is about the same. Galaxies with a regular spiral pattern

(neither bar nor oval) show on average lower star formation rates. This is in agreement with

the findings of Sakamoto et al. (1999) and Sheth et al. (2005).I find, as Sheth et al. does,

that some barred galaxies exist that are not on the high end ofstar formation rates. I also

find that these galaxies are not pseudobulges, possibly implying that secular evolution in
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galaxies with a preexisting classical bulge is limited, or more difficult. Another possibilty

is the proposal of Jogee et al. (2005), that there are mulitple stages of secular evolution. In

this case early stages are not actively forming stars. Thesebarred non-star forming bulges

could be in the earlier (pre-starburst) stages of evolution.

2.5 Conclusions

In this letter I have calculated the PAH profiles and color profiles for 50 galaxies spanning

the Hubble types E to Sc. I use HST images to identify pseudobulges (bulges made through

secular evolution) and classical bulges (bulges made through conventional major-mergers).

I interpret the PAH emission as being directly proportionalto the star formation rate, as

shown by Wu et al. (2005). And thus I compare the incidence of active central star formation

to the presence of pseudobulge or classical bulge structures.

Pseudobulges are shown to have higher specific star formation rates than classical

bulges. As well the PAH emission profiles of pseudobulges arebrighter and more centrally

concentrated. I also show that galaxies with bars or ovals onaverage have brighter cen-

tral PAH emission than galaxies without strong drivers of secular evolution, which is in

agreement with previous findings.

As a sanity check I can calculate the time it would take the pseudobulges in my

sample to form their associated stellar masses. This is doneby simply inverting the specific

star formation rates in Figure 3. I calclute growth times typically 0.1-5.0 Gyr, with a median

of 0.6 Gyr. Thus, assuming that the star formation is a prolonged event, it is plausible that

these galaxies have had sufficient time to form a bulge with this amount of star formation.

And it is worth noting the similarity to the gas consumption time scales calculated in KK04,

implying that secularly driven star formation plays a strong role in forming pseudobulges.

As well as the agreement with stellar populations work of Thomas & Davies (2006) who

show that many bulges “must have experienced star formationevents involving 10-20% of

there mass in the past 1-2 Gyr.”
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The behavior of star formation rates in mergers is well studied (see Schweizer 2005

for review); the expectation is that shocks will induce massive star burst and exhaust avail-

able fuel relatively quickly. Thus, the we do not expect to find merger built bulges (or

elliptical galaxies) which are actively forming stars. Theresponse of gas to form stars due

to secular evolutoin is less well understood, theoritically. Secular evolution will funnel gas

inward (KK04 for review). Therefore our finding that galaxies with pseudobulges are much

more likely to be actively forming stars is consistent with aformation of pseudobulge via

secular evolution.
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Figure 2.3 Both panels show specific SFR of the central 1500 pc(star formation normalized
by the stellar mass). Left panel shows dependence of specificSFR of bulges and pseudob-
ulges on Hubble type. The right panel shows specific star formation of central 1500 pc
plotted against secular driving mechanism B=bar, O=oval, and N=neither bar nor oval.
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Chapter 3

Bulges of Nearby Galaxies with

Spitzer:

The Growth of Pseudobulges in Disk

Galaxies and its Connection to Outer

Disks1

3.1 Introduction

Observations now indicate that many bulges in nearby disk galaxies are more complicated

than previously thought. Bulges were once considered to be essentially elliptical galaxies

surrounded by disks (e.g. Renzini, 1999). Yet, contrary to historic assumptions (e.g. Whit-

ford, 1978), we now know that bulges are not typically uniformly old, non-star forming

systems. Many bulges in the nearby universe are filled with young stars and cold molec-

1This chapter was published in Fisher, D.B., Drory, N. & Fabricius, M.H. 2009 ApJ 697, 630.
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ular gas (Peletier & Balcells, 1996; Helfer et al., 2003). The most active bulges have star

formation rates as high as 1 M� yr−1 (Kormendy & Kennicutt, 2004; Kennicutt, 1998a),

and exceedingly higher star formation rate densities than their outer disk. Yet it is certainly

true that many non-star forming, red bulges exists; for example the nearest bulge outside

our own galaxy, M 31, is made of mostly old stars. Fisher (2006b) shows with mid-IR

colors, bulges are either actively forming stars at similarrates to their associated outer disk,

or they show a break in mid-IR colors indicating no activity in the bulge; star formation

activity in bulges is bimodal. Fisher (2006b) finds that those bulges with active disk-like

star-formation have disk-like morphology within the central few hundred parsecs of the

bulge. Such differences suggest that the nature of bulge growth in nearby disks galaxies is

dichotomous. In this paper we wish to study the nature of the mass growth in nearby star-

forming bulges. We compare present day star formation ratesto stellar masses of bulges to

estimate the significance of the star formation rate in nearby active bulges. We also compare

star formation rate density to properties of the bulge and the disk.

In addition to stellar populations and SFR, bulges lack homogeneity in many fun-

damental properties (see Kormendy & Kennicutt, 2004 for a review). The observations

suggest that bulges are bimodal in nature, and furthermore,this division is linked to the

well-known bimodality in global galaxy properties (Drory &Fisher, 2007). Thus, it seems

that the difference in bulge type is fundamentally connected to the history of the entire

galaxy.

The two types of bulges are typically calledclassical bulgesand pseudobulges.

Classical bulges have properties similar to elliptical galaxies; whereas pseudobulges are

similar in many ways to disk galaxies. Properties that can identify bulges as pseudobulges

include the following: dynamics that are dominated by rotation (Kormendy, 1993), the

bulge has a nearly exponential surface brightness profile (Fisher & Drory, 2008), flattening

similar to that of their outer disk (Fathi & Peletier, 2003; Kormendy, 1993), nuclear bar

(Erwin & Sparke, 2002), nuclear ring, and/or nuclear spiral(Carollo et al., 1997). Classi-
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cal bulges are typically identified as having hot stellar dynamics, more nearly r1� 4 surface

brightness profiles, typically more round than the outer disk (Fisher & Drory, 2008), and

a relatively featureless morphology. Also, Fisher & Drory (2008) show that the structural

properties of classical bulges (absolute magnitude, Sérsic index, half-light radius, and sur-

face brightness at the half-light radius) correlate in the same way as elliptical galaxies,

yet pseudobulges do not participate in these correlations.Gadotti (2008) shows that many

bulges fall below the Kormendy relation, and are thus lower in surface density per radial

size than a similar sized elliptical galaxy.

As stated above, the dichotomy in bulge properties extends to the ISM properties of

bulges. Regan et al. (2001) compare the radial distributionof CO to the stellar light profiles

in 15 spiral galaxies. They find that most of the galaxies in their sample show an excess

of CO emission in the bulge region of the galaxy, and further that the central CO radial

distribution is similar to that of the stellar light. Regan et al. (2006) shows a similar result

with Spitzer IRAC 8� m (PAH) data. Helfer et al. (2003) find that 45% of the galaxiesin the

BIMA SONG survey have a peak CO emission within the central 6� � , while many galaxies

have a central hole in the CO map. This is similar to the resultof Fisher (2006b), described

above. Thus their appears to be a bimodal distribution of ISMproperties in nearby bulges.

Stellar populations and age-gradients in bulges of disk galaxies suggest multiple

formation mechanisms as well. Peletier & Balcells (1996) show with optical and near-IR

colors that many, but not all, bulges are young. MacArthur etal. (2004) find that earlier-

type, more luminous, and higher surface brightness galaxies are older and more metal-rich,

suggesting an early and more rapid star formation history for these galaxies Recent work

with the SAURON survey continues to show such results. Peletier et al. (2007) shows that

a large fraction of bulges fall below the Mg2 - � correlation of Coma cluster ellipticals, as

do all the bulges in Sb-Sd galaxies in the sample of Ganda et al. (2007). There is evidence

that those bulges in Falcón-Barroso et al. (2006) with central velocity dispersion drops tend

to be younger. However, Moorthy & Holtzman (2005) find that bulges in their sample
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follow similar correlations of stellar populations and dynamics as elliptical galaxies. Also,

Thomas & Davies (2006) suggest that only the late-type bulges in their sample could have

been significantly affected by slow growth. As in ISM properties, stellar populations seem

to come in two separate flavors, some bulges are young and others are old.

Many observations indicate that the properties of pseudobulges are linked to those

of their associated outer disks. Observed connections between bulge and disk stellar popula-

tions (Peletier & Balcells, 1996; MacArthur et al., 2004), inter-stellar medium (Regan et al.,

2001), and scale lengths (Courteau et al., 1996b) suggest that pseudobulges form through

processes intimately linked to their host disks. Fisher & Drory (2008) show that the con-

nection between the radial sizes of bulges and disks only exists for pseudobulges. Similarly,

Fisher (2006b) shows that only pseudobulges have ISM properties and SFR like their outer

disks. These connections between pseudobulge and disk properties motivate some authors

to consider the possibility that pseudobulge formation is linked to disk properties.

In summary, the observations suggest that pseudobulges arerotating rapidly, ac-

tively forming stars, and structurally different than elliptical galaxies. Furthermore, many

properties of pseudobulges (e.g. radial size, and stellar populations) are linked to their outer

disk. Yet, classical bulges are dominated by random motions, contain old stars, and are

structurally similar to elliptical galaxies; they’re properties thus far appear somewhat inde-

pendent of the surrounding disk.

In this paper we use data from Spitzer Space Telescope, Hubble Space Telescope,

and the Galaxy Evolution Explorer to study the present day growth of bulges in nearby disk

galaxies. We use specific star formation rates to estimate the time-scales for bulge forma-

tion. Also, we report on connections between star formationrates in bulges and structural

properties of those bulges and with properties of their associated outer disks.
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3.2 Implications Of Secular Formation Of Pseudobulges

To be explicit, in this paper the term “pseudobulge” is purely observational. We classify a

bulge as pseudobulge only if the bulge has disk-like morphology, Sérsic index lower than

two, or both of these (discussed in more detail in §4). Separate from this observational

definition, it has been proposed by many authors that pseudobulges could have formed

through disk evolution. Our aim is to test this hypothesis. If pseudobulges truly form all

of their stellar mass through internal means, the implication would be that galaxies with

pseudobulges are physically more similar to a bulgeless galaxy.

How can one observe a bulgeless galaxy withB� T � 0? A large number of simu-

lations show that non-axisymetries are able to rearrange disk gas such that the central gas

density increases (Simkin et al., 1980; Combes & Sanders, 1981; Pfenniger & Norman,

1990; Athanassoula, 1992; Zhang, 1999). If a hypothetical galaxy initially has a purely

exponential stellar mass density profile (
�

(r) � e−r ), but the gaseous inflow generates a

steeper than exponential gas profile, the central star formation rate density will be enhanced

accordingly (Kennicutt, 1998a; Wu et al., 2005). If the central few hundred parsecs of this

hypothetical galaxy have a greater SFR per unit mass than theouter parts do, then eventu-

ally the stellar density profile will become steeper than an exponential profile. When one

applies typical bulge-disk decomposition machinery that assumes an exponential disk and

Sérsic bulge to observations of the hypothetical galaxy, the result will beB� T � 0� This

scenario is typically referred to as “secular” bulge growth.

Observationally the hypothetical galaxy has a bulge, but theoretically speaking its

just that this disk galaxy has a stellar density profile that is steeper than an exponential.

Given that we can not know for certain what happened to make a particular pseudobulge,

we choose a purely observational terminology to label bulges. In what follows we will not

assumea priori that our classification implies distinct physical nature.

The evidence suggest that a large fraction of disks are barred and those bars are

long-lived (Eskridge et al., 2000; Jogee et al., 2004). Connections between the presence of
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bars and bulge growth give credence to the secular bulge growth hypothesis. In simulations,

barred potentials are efficient mechanisms to drive gaseousinflows (Athanassoula, 1992).

Observations show that galaxies with bars tend to have higher molecular gas densities than

those without (Sheth et al., 2005). As well, Gadotti & dos Anjos (2001) find in a sample

of 257 Sbc barred and unbarred systems that blue star-forming bulges are predominantly in

barred galaxies. Sakamoto et al. (1999) estimate that the mean rate of inflow of molecular

gas in barred galaxies must be 0.1-1 M� yr−1. Furthermore, molecular gas densities and

dynamics in barred galaxies suggest that active star formation is currently building rapidly

rotating bulges (Jogee et al., 2005).

Though bulges in barred galaxies on average do have higher SFR, many barred

galaxies exist with bulges that are not currently growing. Fisher (2006b) shows that the

growth is better connected to bulge morphology, finding thatpseudobulges are growing,

but classical bulges are not. Fisher & Drory (2008) find many unbarred galaxies with pseu-

dobulges. Indeed, simulations by Zhang (1999) indicate that spiral structure can drive sec-

ular evolution in disk galaxies as well. Furthermore, spiral structure is certainly a common

phenomenon in disk galaxy. Kormendy & Fisher (2005) argue that secular evolution in

rotationally supported disks is a natural response to localenergy minimization, and thus

given the opportunity, disks will innately drive gas inward. Bars may be sufficient but not

necessary. Thus it makes sense that secular bulge growth is common, and it appears that

even mild non-axisymmetries like spiral structure can drive gaseous inflows.

Recent studies show that galaxy formation models do not predict enough disk galax-

ies with lowB� T. Weinzirl et al. (2009) finds that the predicted fraction of high mass spi-

rals with a present-dayB� T � 0�2 is a factor of fifteen smaller than the observed fraction

of high mass spirals with such small bulges. Similarly Stewart et al. (2008) finds in simula-

tions that almost all giant galaxies would have accreted a mass that is larger than the mass

of the Milky Way disk in the past� 10 Gyr. Given that such an encounter is likely to de-

stroy a disk, these results, “raise serious concerns about the survival of thin-disk-dominated
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Figure 3.1 Top Panel: Distribution ofB� T of pseudobulges from Fisher & Drory (2008) in
V-band. Bottom Panel: The distribution ofB� T of pseudobulges from, in near-IR.
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galaxies within the current paradigm for galaxy formation in a � CDM universe.”

If pseudobulges form secularly, then even pseudobulge galaxies with observed B/T� 0.3

are still “bulgeless” galaxies. In Fig. 3.1 we show the distribution of bulge-to-total light ra-

tios (B/T) for pseudobulges (blue lines) withV-band data (top panel) from Fisher & Drory

(2008) and near-IR data (bottom panel). The vertical dashedline representsB� T = 0�2. It

is certainly true that pseudobulges much more commonly havelow bulge-to-total ratios.

However, 33% of the pseudobulges in Fisher & Drory (2008) and24% of the pseudob-

ulges with near-IR data haveB� T � 0�2. Pseudobulges withB� T � 0�2 are by no means

rare among pseudobulges. If pseudobulges form all their mass secularly, then the data in

Fig. 3.1 would imply that the number of bulgeless galaxies isunderestimated, and those

gaps between observation and theory become more dire.

What else might form pseudobulges? It is often assumed that bulges formed through

successive merging of similar-mass sub-halo objects earlyon, and remaining gas that was

not involved in the merging process settles into a gas disk (e.g. Steinmetz & Muller, 1995;

Kauffmann, 1996). Something similar to this process may be able to describe the popu-

lation of classical bulges. Indeed, Drory & Fisher (2007) find that classical bulges reside

exclusively in red sequence galaxies. Yet, it would be difficult for the end products of such

processes as roughly equal-mass merging with violent relaxation to make bulges with cold

dynamics and disk-like morphologies. Furthermore, major-mergers are likely to consume

most of the fuel for future star formation (see Schweizer, 2005 for a recent review). Yet, as

discussed above, cold molecular gas is not-at-all rare in bulges of disk galaxies.

Perhaps successions of minor-mergers with high gas ratios are responsible for pseu-

dobulges formation. Cox et al. (2008) show that the effect ofmerging and accretion on the

resulting galaxy is a function of the mass ratio. It is thought, though, that bulge growth by

subsequent accretion of mass results in heating and eventually destruction of a galactic disk

(Toth & Ostriker, 1992; Velazquez & White, 1999), and recentsimulations (Purcell et al.,

2009) also suggest that is hard for accretion not to destroy athin disk.
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Other scenarios for the formation of bulges have been suggested. Clump instabili-

ties in disks at high redshift can form bulge-like structures in simulations (Noguchi, 1999).

Many recent observations show that this process may indeed be happening at high redshift

(Genzel et al., 2008; Bournaud et al., 2008). However, recent work by Elmegreen et al.

(2008) suggests that bulges built through clump instabilities in simulated galaxies better re-

semble classical bulges. One should therefore keep in mind that the population of bulges as

a whole, and any one particular bulge, may be the result of more than one of these processes.

3.3 Estimating Time scales For Bulge Growth

Is the amount of star formation in typical pseudobulges enough to significantly alter their

stellar mass? This is what we seek to estimate in this paper. If we assume a continuous gas

supply from disk evolution, and approximate that historic SFR as a constant, we can use the

present-day SFRs in bulges to determine the time-scale for pseudobulge growth.

Mass growth in bulges can be described as

Mstar = M0 +
� �

SF � SF(t) dt +
� �

X � X(t) dt � (3.1)

whereMstar is the current stellar mass;� SF is the star formation rate;� X is the rate at

which previously formed stars are transferred to the bulge (either by accretion or by secular

evolution);� SF and � X are the time scales over which each of these phenomena occur;and

finally M0 is that mass that exists initially in the bulge region. Assuming constant growth

(and that� SF � � X � tgrow) this can be simplified, and solved fortgrow,

tgrow =
Mstar − M0� SF + � X

� (3.2)

SST provides the ideal instrument to measuretgrow. Using the 3.6� m luminosity from SST

IRAC CH 1 we can measureMstar, whereMstar� M� = L3�6 � (M � L)3�6 (this is discussed in

more detail below) and the 24� m luminosity obtained with SST MIPS CH 1 can measure
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the star formation rate (Calzetti et al., 2007).

To measureM0 we subtract the inward extrapolation of an exponential profile fit to

the outer disk. Thus we set

M0 = 2� �
0

� RXS

0
r er � hdr � (3.3)

where
�

0 is the central mass density of the outer disk,h is the scale-length of the outer disk,

andRXS is the radius at which the bulge is 25% brighter than the disk.We set the bulge

mass as

MXS
� Mstar − M0 � (3.4)

It is likely thatMXS, as defined in Eq. 3.4, is only a rough estimate. Giant disk galaxies may

have formed with central profiles that are cuspier than exponentials. Alternatively, some

galaxies, such as M 104, have central holes in the gaseous disk. Also, as pseudobulges

grow (at times toB� T � 1� 3; Fisher & Drory, 2008 and Fig. 3.1) the structural parameters

of the disk are likely to change. Hence, it may follow that inward extrapolation of the outer

stellar disk of those galaxies may be inaccurate. Nonetheless, we feel thatMXS is likely a

reasonable estimate of bulge mass for most galaxies.

We make the approximation that star formation internal to the bulge need only ac-

count for a fraction of the mass, hence

tgrow � � MXS� XS
� (3.5)

where
�

is a quantity that measures the amount of stellar mass growththat is from star

formation internal to the bulge, and� XS is the SFR atz= 0. For the sake of simplicity the

“growth times” quoted in this paper will assume
�

= 1 unless otherwise stated. The
�

factor

is likely the product of the following two phenomena: (1) SFRs that are not constant, and,

(2) the fraction of stellar mass that migrates to the bulge.

The ratio of the the present-day SFR to the average historic SFR (called thebirth-

rate parameter, b = � � � � (t) � ; Scalo, 1986) is known two range fromb = 0�2− 2 in local
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disks galaxies, and is preferentially larger in late-type galaxies (Kennicutt et al., 1994).

If pseudobulges are anything like their outer disks, then Sa-Sbc pseudobulges are likely

to have lower values ofb (and thus
�

) than pseudobulges in late-type galaxies. Thus,

it is necessary to consider present day SFRs in intermediate-type galaxies with different

expectations than those in late-type galaxies.

We cannot yet measure the rate at which previously-formeddisk stars are transferred

to the bulge. Simulations indicate that it is occurring, though. Roškar et al. (2008) finds that

a non-negligible amount of stellar mass migrates within thedisk in simulated disk galaxies.

Further, many pureN-body simulations are able to move mass around within a disk without

the presence of any gas (e.g. Pfenniger & Norman, 1990; Norman et al., 1996; Debattista

et al., 2004). Also, Cox et al. (2008) show that accretion of relatively low mass galaxies

does not significantly alter a galaxy’s SFR.

The total fraction of stellar mass that SFR must therefore account for is
�

= b �
(1−

�
X), where

�
X is the mass that is transferred as stars formed outside the bulge,

�
X =

Mstar − tgrow� X. There will always be some degeneracy betweentgrow and
�

X, in fact it is

possible that the only way we can ever know
�

X is through simulation, not observation.

We have no detailed models on which to base our predictions. Yet, we can place

them inside the context of disk-galaxy evolution, and use what we know about star forma-

tion in disk galaxies to make estimates for how long it might take to form pseudobulges.

Typical SFR densities in galactic disks are about 0�01− 0�1 M� yr−1 kpc−2 (Kennicutt,

1998a). Bulges are typically about 1 kpc in radius. Therefore, if pseudobulges grow stars

at similar rates to the high end of the distribution for disks, then we expect them to form

roughly 0�1− 0�5 M� yr−1. If a bulge is 109 M � then it should take a few billion years to

make a bulge through disk evolution. Given that disks are nottoo much older than 5-10 Gyr

(Bell & de Jong, 2000), we expect to find the bulges still forming stars today. Also, if

pseudobulges form too quickly we run into a problem again, because not every galaxy has

a large pseudobulge. Kautsch et al. (2006) find that of giant disk galaxies roughly 1/10th
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are “simple disks” meaning they have no detectable bulge when viewed edge-on. We know

already that gas consumption time of the most actively star forming bulges, calculated by

Kormendy & Kennicutt (2004), tend to be in the fast region of this range, about 1 Gyr.

Thus we suggest that if the growth time of pseudobulges are significantly outside the range

of 1-10 Gyr, then this would pose a problem for secular evolution scenario of pseudobulge

formation. Furthermore variations in historic SFR can account for differences of at most a

factor of two outside of this range.

3.4 Methods

3.4.1 The Sample

The purpose of this work is to study the present day growth of bulges, and thus we wish to

sample galaxies with a wide range of bulge properties. Therefore, our sample of 53 galaxies

spans the Hubble types from Sa to Sd.

We begin by visually selecting galaxies from the Carnegie atlas (Sandage & Bedke,

1994) with distance less than 20 Mpc, such that all galaxies are at least resolved to a few

hundred parsecs with MIPS on board the SST. Also, we restrictour sample to exclude

significantly inclined galaxies, we only keep galaxies thatsatisfy i<80� . We also select

galaxies that have “well behaved” morphology: free of tidal-tails, warps and asymmetries

to exclude galaxies with significant interaction-induced star formation.

Though not volume limited, our sample is constructed to cover parameter space,

especially a sequence in mass. To do this, we select galaxiescovering a range in Hubble

types from Sa to Sd; Our sample consists of 15 Sa - Sab, and 21 Sb- Sbc, 17 Sc-Sd

galaxies. Galaxies in our sample are not fainter than -17 absoluteB-band magnitude, and

they are typically distributed with
�

1 magnitudes around the mean of -19.5B-mags.

The link between non-axisymmetries (barred and oval distortions) and secular evo-

lution motivates us to create a sample containing roughly equal numbers of galaxies with

27



a driving agent (galaxies with a bar and/or an oval) and galaxies without a driving agent

(Kormendy & Kennicutt, 2004; Peeples & Martini, 2006). Indeed, a correlation between

central SFR and the presence of bars and ovals has been found.(Sheth et al., 2005; Fisher,

2006b). Detection of oval distortions are discussed in Kormendy (1982). They are iden-

tified by nested shelves in the surface brightness profile usually having different position

angles. We identify bars by consulting the Carnegie Atlas ofGalaxies (Sandage & Bedke,

1994), the RC3 (de Vaucouleurs et al., 1991), and visual identification in 3.6� m images. If

a galaxy has both a bar and an oval, we call that galaxy barred.Note that we do not distin-

guish grand design spirals as a possible secular driver, though they may be able to generate

a similar but less extreme effect as bars do (KK04). In our sample 22 galaxies are unbarred

and unovalled, and 31 are driven (25 barred and 6 ovaled).

3.4.2 Identification of pseudobulges

In this study, we classify galaxies as having a pseudobulge using two methods bulge mor-

phology and Sérsic index. If the “bulge” is or contains a nuclear bar, nuclear spiral, and/or

nuclear ring the “bulge” is a pseudobulge. Also, if the bulgehas Sérsic index less than two,

the bulge is called a pseudobulges. Conversely if the bulge is featureless and has a higher

Sérsic index, the bulge is called a classical bulge. However, Fisher & Drory (2008) show

that about 10% of bulges with Sérsic index higher than two, have disk-like nuclear mor-

phology. For a detailed description of this method, see Fisher & Drory (2008). Examples of

nuclear morphology that indicates a bulge as a pseudobulge or a classical bulge are shown

in Fig. 3.2.

Their is significant overlap of our sample with Fisher & Drory(2008), 31 galaxies

are in both samples. We therefore use bulge Sérsic indices from Fisher & Drory (2008),

when available. For the remaining 23 galaxies we generate new bulge-disk decompositions

using archival data from HST archive, Sloan Digital Sky Survey, and NASA Extragalactic

Database (NED). Bulge Sérsic indices for all galaxies are given in Table 1.
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Figure 3.2 Here we replot a few exemplary galaxies from Fisher & Drory (2008). All
images are HST F606W images the white line in each image represents 500 pc. The top
two rows are examples of classical bulges. The bottom four galaxies are all pseudobulges.
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Our decomposition method is discussed in the Appendix. We also show results

of each new fit in both figure and tabular form. The method we useto calculate surface

brightness profiles and Sérsic fits to those profiles is the same procedure as used in Fisher

& Drory (2008). This procedure is also employed in Kormendy et al. (2009) on elliptical

galaxies. We refer interested readers to these two papers for more detailed discussions of

our reduction and analysis software and procedures.

We identify pseudobulges using HST archival images in the optical wavelength

regime (B throughI). This makes bulge classification subject to the effects of dust. How-

ever, the structures used to identify pseudobulges are usually experiencing enhanced star

formation rates, and are easier to detect in the optical region of the spectrum where the

mass-to-light ratios are more affected by young stellar populations, rather than in the near

infrared where the effects of dust are lesser. Classical bulges may have dust in their cen-

ter, as do many elliptical galaxies (Lauer et al., 2005). Thepresence of dust alone is not

enough to classify a galaxy as containing a pseudobulge. We indicate which galaxies are

pseudobulges, and classical bulges in Tables 1 & 2. These structures are often present, and

affect the surface brightness profile, even in the near-IR, at 3.6 � m, where differences from

varying mass-to-light ratios are minimized.

We use the NASA Extragalactic Database NED to search for any evidence of close

companions of similar magnitude, tidal distortions, or peculiar morphology. We remove

those galaxies which seem to be interacting with other galaxies from our sample. Three

galaxies in our sample have companions at� 100 kpc, which do not appear to affect the

morphology of these galaxies’ disks. However, M 51 is a notable exception to this rule as

it is currently accreting a smaller galaxy.

3.4.3 Photometry

Imaging data used to calculate fluxes for this paper comes from the following sources:

Spitzer IRAC CH 1 (3.6� m), Spitzer MIPS CH 1 (24� m), GALEX FUV (Martin et al.,
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2005) and HST NICMOS. The IRAC and NICMOS images are used to calculate stellar

mass (discussed below), and the GALEX and MIPS images are used to determine SFRs.

We use post-BCD frames for all Spitzer data, and pipeline reduced GALEX and HST data.

To measure 3.6� m surface brightness profiles we use the code of Bender & Moel-

lenhoff (1987). First, interfering foreground objects areidentified in each image and masked.

Then, isophotes are sampled by 256 points equally spaced in an angle� relating to polar

angle by tan� = a� b tan� , where� is the polar angle andb� a is the axial ratio. An ellipse

is then fitted to each isophote by least squares. The softwaredetermines six parameters

for each ellipse: relative surface brightness, center position, major and minor axis lengths,

and position angle along the major axis. We then shift the NICMOS F160W images (when

available in the archive) to the same zero point as the IRAC data. The composite profile

is NICMOS data for r<1.22 arcsec, the average of the two profiles when they overlap, and

IRAC 3.6 � m data at large radii (typicallyr � 10 arcsec).

We note that this procedure assumes a color gradient of zero from L-band toH-

band in our bulges. This assumption introduces a source of uncertainty, yet allows for

a more complete description of the stellar mass profile. To quantify this uncertainty we

calculate the entire radial surface brightness profile inH-band using NICMOS and 2MASS

data. We then shift that profile to have the same zero point as the IRAC 3.6� m profile,

and then calculate the bulge luminosity, which we callL3�6(H). The differenceL3�6 − L3�6(H)

is scaled by the fraction of light that comes from the shiftedNICMOS F160W data. This

is taken as the error. This error is typically less than 5% andrarely larger than errors from

other sources, such as fitting uncertainty. We use NICMOS data because it is our belief that

the high resolution data increases accuracy, even if precision is compromised slightly.

Prior to measuring the bulge flux of MIPS images we run the images through a

few iterations of the Lucy-Richardson deconvolution routine in IRAF; we are primarily

interested in reducing the effects of the Airy rings in the MIPS 24� m point-spread-function

(PSF). We construct a PSF from point sources in the image. However, many of our images
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do not include enough high signal-to-noise point sources; in this case we use the theoretical

PSF available on the MIPS web-site. To calculate the surfacebrightness profile at 24� m

we use the PROFILE tool in the the image analysis package VISTA (Lauer, 1985a). The

24 � m luminosity is then calculated by integrating the 2-D surface brightness profile to the

bulge radius (RXS), determined using the 3.6� m profile. Galactic extinction is considered

negligible for 24� m images. Aside from deconvolution, we carry out the same procedure

to measure FUV luminosities. We calculate the extinction inFUV using the results from

Cardelli et al. (1989) and Schlegel et al. (1998).

For the 24� m and FUV profiles, we consider two sources of error in calculating

our luminosities. First, uncertainty in the choice ofRXS leads to errors in the luminosity

calculation. We chooseRXS as the radius at which a galaxy is 25% brighter than the inward

extrapolation of an exponential profile fit to the outer disk.We construct an error to this

by simply integrating the luminosity to the next resolved points in the profile. Secondly,

we also consider the variance in the image as a source of error. These two errors are then

combined in quadrature to construct the total error in luminosty. Typically the uncertainty

due toRXS heavily dominates the total error.

3.4.4 Calculation Of Mass From 3.6� m Luminosity

We assume that the near-infrared light is a good tracer of stellar mass due to its weak

dependence on star formation history (Aaronson et al., 1979; Rix & Rieke, 1993). In this

paper, we calculate stellar mass by using the relation between mass-to-light ratio (M � L)

and color. We assume thatM � L3�6 =� (Lk � L3�6) � (M � LK) whereM � LK is determined

from optical colors withB−V as in Bell & de Jong (2001), and take the mean ratioLk � L3�6

from Dale et al. (2007). We use theB− V color from the RC3 (de Vaucouleurs et al.,

1991); if the galaxy does not have aB− V in the RC3 we use the value from Prugniel

& Heraudeau (1998). We correct these optical colors for Galactic extinction using data

from Schlegel et al. (1998). For the calculation of stellar mass we assume that total colors
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are good estimates of the stellar populations of the bulges;this may introduce a source of

uncertainty. However, the color of the bulge has been shown to be very similar to the color

of the outer disk in intermediate type galaxies (Peletier & Balcells, 1996). Thus it is likely

a safe assumption.

3.4.5 Contamination From Active Galactic Nuclei

One difficulty in measuring the SFR in bulges of galaxies is that active galactic nuclei can

contribute significantly to the mid-IR flux in the centers of galaxies. Most of the galaxies in

our sample have an active non-thermal source in their center; what remains is to determine

what the typical effect is and which galaxies are most heavily affected.

We use IRAC 8� m to determine which galaxies have strong nuclear point sources

due to their increased angular resolution. In a few galaxiesin our original sample, over 80%

of the bulge light is contained within a point source in the 8� m images. We identify this

light as non-thermal by comparing the [OIII]/H
�

and [NII]/H� line-ratios (Ho et al., 1997)

and exclude these galaxies from the rest of the study. The excluded galaxies are NGC 1068,

NGC 4258, and NGC 5273.

We find that for the remaining galaxies the point sources typically make up less

than 10% of the bulge light. This is within the typical amountof measurement uncertainty

so that it is not necessary to account for contributions fromthe remaining low-luminosity

active galactic nuclei in the rest of the sample. In Fabricius et al. (2008) we directly investi-

gate connections between growth of pseudobulges and the growth of central active galactic

nuclei.

3.4.6 Calibration Of Star Formation Rates

In optically thick environments, massive young stars heat dust grains which re-radiate that

light in the IR. Even though newly formed stars are easily detected in the UV, even small

amounts of internal extinction within those galaxies will hamper efforts to measure the
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SFR only using UV light. For this reason, IR emission has and continues to be a good

indicator of SFRs in most galaxies (Kennicutt, 1998a). However, different galaxies have

differing opacities, and this difference can depend on the ages of the stars being probed and

the amount of star formation (e.g. Calzetti et al., 1994; Bell, 2003; Seibert et al., 2005).

Also, Boissier et al. (2007) find UV emission in the absence ofIR emission in some nearby

galaxies, indicating the existence of unobscured young stars. Therefore, we calibrate a new

SFR indicator that combines the re-emission from warm dust (MIPS 24 � m) and directly

the emission from young stars (GALEX FUV 1350-1750 Å) luminosities,

SFR(M� yr−1) = a[L(FUV)+ L(24 � m)] (3.6)

wherea is a conversion constant. A similar SFR indicator is calibrated by Bigiel et al.

(2008).

We use the “high metallicity” galaxies in Calzetti et al. (2007) as a sample on

which to calibrate Eq. 3.6. These galaxies are used, in part,because they all have mea-

sured Paschen-� luminosity, which is a more direct probe of HII regions, and is much less

affected by internal extinction. Thus, a linear correlation with the Pa� luminosity would

imply that the SFR indicator is robust. However, there are important distinctions between

the methods used in this paper and those of Calzetti et al. (2007). They measure luminosity

of the central regions of galaxies by summing the luminosityof individual point sources

within those images; we measure luminosity, as described above, using isosphote measure-

ments. Each method has advantages and disadvantages, and wedo not wish to claim either

is better or worse. Our method will measure a certain amount of diffuse emission that

may not have been counted by Calzetti et al. (2007), and because we calculate isophotes

based on the mean value of an ellipse, our method may underestimate the luminosity of

extremely bright knots of star formation. We note that thesetwo effects act against each

other, and may lessen systematic differences. In interest of measuring SFRs that are com-

parable across these two methods, we calibrate Eq. 3.6 usingour measurements ofL(FUV)
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Figure 3.3 Top Panel: The comparison of our metric of star formation rate,SFRUV� IR =
2 �21 � 0−43[L(FUV) + L(24)], to the luminosity of Pa� emission. The solid line shows a
linear relationL(Pa � [ergs−1]) = 1 �74 � 1040SFRUV� IR[M� yr−1]. Bottom Panel: The com-
parison of our star formation rates to those measured by Calzetti et al. (2007) the solid line
represents the line of equality. 35



Figure 3.4 The comparison of the two methods used to calculate SFR in this paper. The
solid line represents the line of equality.
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andL(24 � m) and those SFRs taken from Calzetti et al. (2007). Also, Calzetti et al. (2005)

measures luminosities in a 51� 51 square arcsecond field (the field of view of NICMOS

3); we adjust this to an elliptical aperture that matches ourgalaxies assuming a constant az-

imuthal density. We expect that this affects the measurements very little, but is a difference

none-the-less.

The constanta is intended to scale our combined luminosities to units of SFR. We

find

a = 2�21 � 10−43 M� yr−1 erg−1 s� (3.7)

In the top panel of Fig. 3.3, we show the comparision of our SFRindicator to the Paschen�

emission. We find good agreement with a linear correlation (overplotted as a solid line) of

our indicator with Paschen� , thus indicating that our estimates are robustly measuringthe

high-mass star formation. In the bottom panel of Fig. 3.3, weshow the comparison our SFR

to that of Calzetti et al. (2007); a line of equality is overplotted. We find good agreement

between these two different SFR indicators.

Not every galaxy in our sample has GALEX data available. Typical disk galaxies

like the ones in our sample would be classified as “high metallicity” based on the criteria in

Calzetti et al. (2007); therefore single-band fluxes would be considered sufficient. However,

if more data exists that may improve the reliability of our SFRs then we ought to use that

data. Therefore, when both FUV and Spitzer data are available we use the SFR indicator

described above, and a single band indicator when only 24� m data is available. In our

sample 35 galaxies have both 24-� m and FUV datas, and 17 galaxies only have 24� m

data.

To measure the SFR from 24� m luminosity alone we use all galaxies in our sam-

ple that have both FUV and 24� m data. We find that single-band 24� m-luminosity

SFRs (using the calibration from Calzetti et al., 2007) are systematically low compared

the the SFR computed with Eq. 3.6, although the exponent of the correlation appears the

same (SFR� (L24� m)0�885). In attempt to account for this we multiply the equation from

37



Calzetti et al. (2007) for 24� m alone by the mean fractional difference, which we find

� SFR(FUV� 24)� SFR(24) � = 1�3
�

0�3. Thus we use

� (24� m) = 1�65 � 10−38(L24 � m)0�885� (3.8)

whereL24 � m is in ergs s−1, as opposed to the original formula which has a multiplier of

1.27. This same scaling difference exists when comparing our single flux measurements to

the SFR in Calzetti et al. (2007) for those galaxies that are present in both samples. This

small difference in scaling is likely a concequence of the different methods to calculate

the bulge luminosity. Our method intergrates azimuthaliy averaged isophotes, which likely

reduces the effects of bright sources.

In Fig. 3.4 we compare SFR calculated with both methods, our single-band SFR

and our FUV plus 24� m indicator. As one can see from Fig. 3.4 33 of 35 bulges have very

similar SFR as measured by IR+FUV indicator or the single-band IR indicator (standard

deviation of the difference between the two indicators is 0.02 M
�

yr−1). The two outlying

galaxies (NGC 0925 & NGC 1512) show an unusually large numberHII regions (Sandage

& Bedke, 1994). We check NED for similar comments on all our galaxies that contain only

IR data, of those 17 only NGC 3726 has similar comments. We conclude in general single

band fluxes yield a good estimate of the SFR, and in rare circumstances, likely requiring

unusually high numbers of HII regions, single band IR calibrations may understimate the

SFR. Those galaxies that do not have GALEX observations are indicated in Table 2. Also,

in Fig. 3.6 we replot our principle result such that symbols indicate the different methods

used to determine SFR.
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Figure 3.5 Top Panel:Dependence of star formation rate on stellar mass of the bulge (as
defined as the excess mass above the inward extrapolation of the exponential disk). Bottom
Panel: Specific star formation rate (star formation rate perunit mass) plotted against bulge
mass. The lines indicate from top to bottomtgrow = 10� 20� 100 Gyr, short dashes, long
dashes, and dot-dashes respectively. In both panels, and all figures here after, the symbols
are as follows: pseudobulges are indicated by filled blue circles, centers of late-type disks
by green x’s, inactive pseudobulges are denoted by blue opencircles, and classical bulges
are denoted by red open squares. In each figure we denote M 81 asan open red triangle.
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Figure 3.6 This figure is the same as Fig. 3.5, except here we distinguish galaxies based
on the method used to calculate the SFR. Bulges using 24� m are represented by filled
symbols, open symbols represent those bulges that use both FUV and 24� m to determine
the SFR. As in Fig. 3.5 pseudobulges are represented by circles, and classical bulges are
represented by squares.
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3.5 The Growth Of Pseudobulges In Galactic Disks

3.5.1 Growth Times In Pseudobulges

All bulges in our sample are forming some stars, irrespective of whether they are classical

bulges or pseudobulges. This is apparent in the top panel of Fig. 3.5, where we plot SFR of

the bulge,� XS, versus bulge mass,MXS. Typical star formation rates in bulges range from

0.01 to 1.0M� yr−1; both the highest and lowest SFR bulges are pseudobulges. Generically

speaking, SFR of bulges are consistent with a linear correlation with mass (� XS
� MXS),

where � XS is the total SFR within the bulge radius,RXS. The lines indicate three linear

growth models,� XS= Mxs� tgrow wheretgrow = 10� 20� 100 Gyr, represented by dotted lines,

short dashes, and long dashed lines, respectively. The classical bulge with the highest SFR

is M 81 with � XS= 0�65, denoted as a triangle in Fig. 3.5. M 81 is known to be interacting

with nearby M 82.

We are principally interested in determining if an extendedSFR roughly equivalent

to the present-day SFR is able to account for the growth of thestellar mass in pseudobulges.

To better illustrate this result, in the bottom of Fig. 3.5 weplot the specific SFR against bulge

mass. The black lines indicate the time necessary to grow thestellar mass int = 2� 10� 20 Gyr

from top to bottom.

We distinguish four types of bulges in this paper. The first distinction comes from

morphology of the bulge and Sérsic index in optical bands, asdiscussed above: classi-

cal bulges (open red squares) and pseudobulges (light and dark blue circles). Further,

we distinguish three types of pseudobulges: pseudobulges in late-type galaxies (light blue

filled circles); active pseudobulges in intermediate-typegalaxies (blue filled circles); inac-

tive pseudobulges in intermediate-tyep galaxies (specifcSFR SFR� MXS � 20 Gyr−1 and

MXS � 300 � 106M� , open blue circles). These four sets of galaxies produce four roughly

parallel sequences in the� XS− MXS plane, each growing roughly linear, and each be-

ing offset toward higher mass per unit SFR as one goes from late-type pseudobulges to
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Figure 3.7 Here we show the star formation rate density of bulges as a function of bulge
mass (left panel) and bulge mass density (right panel). The dashed line represents a linear
bisecting correlation between SFR density and mass density,

�
SFR� XS

� �
XS, for the (active)

pseudobulges only, the solid lines represent plus-and-minus one standard deviation around
the bisecting line. Symbols are the same as Fig. 3.5.

intermediate-type pseudobulges to inactive pseudobulgesto classical bulges.

From the figure it is clear that present day SFR in almost all active pseudobulges

is sufficient to account for the mass of those bulges (in both late and intermediate type

galaxies), but not enough to account for the mass of any of theclassical bulges or inac-

tive pseudobulges. There is a high-scatter negative correlation between specific SFR of all

bulges with stellar mass that is roughly consistent with mass growth via constant SFR.

For all pseudobulges (all 3 types) the median growth time is 12.4 Gyr, however there

is signifigant spread. Of all 45 pseudobulges in our sample 33have growth times less than

10 Gyr. For active pseudobulges in intermediate-type galaxies we find the median growth

time is 6.3 Gyr, and 19 of the 39 active-pseudobulges have growth times less than 10 Gyr,

and 30 of 39 would require less than 20 Gyr. The star formationgrowth times calculated

by Kormendy & Kennicutt (2004) are on the high end of this distribution, however we note
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Figure 3.8 Here we show the structural parameters of different bulge types. The left panel
shows mass density (

�
XS) versus bulge size (rXS). The right panel shows mass density

plotted against bulge mass (MXS). Symbols are the same as Fig. 3.5.

that they restrict their sample to nuclear rings, which are forming stars much more vigoursly

than the typical pseudobulge.

We remind the reader that a degeneracy exists between the time necessary to grow

a structure and the fraction of mass for which the present daySFR needs to account. It is

very likely that this ratio (
�

, see Eq. 3.5 and subsequent discussion) varies from galaxy to

galaxy, and may possibly correlate with mass. Therefore discussion of a single metric of

growth time for all pseudobulges is likely an oversimplification. Furthermore, we remind

the reader that in typical disk galaxies historic SFR were higher than present day SFR by

roughly a factor of two (Kennicutt et al., 1994).

Late-type bulges have the highest specific SFRs due to their small masses. The

mean specific SFR of late-type bulges is (� XS� MXS)late = 2�7 � 10−10 yr−1. The mean SFR

of late-type bulges is 0.1 M� yr−1, and the average mass is 4�4 � 108 M� . Thus if the

mean late-type bulge is able to maintain a constant SFR for the next gigayear, the resulting
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bulge would fall near the low-mass end of the present-day intermediate-type pseudobulge

sequence in Fig. 3.5.

Classical bulges and inactive pseudobulges are uniformly not forming stars at high

enough rates to form their stellar masses within a reasonable amount of time, including

M 81. The mean growth time for classical bulges in our sample is 1�7 � 1011 yr. Inactive

pseudobulges are slightly higher in specific SFR than classical bulges.

In Fig. 3.6 we replot our main result, shown in Fig. 3.5. However here plotted

symbols reflect the type of method used to calculate the SFR; open symbols represent SFR

determined with FUV & 24� m, and solid symbols represent SFR determined with 24� m

only. There does not appear to be any strong bias between the two methods. We reiterate

our earlier statement that single band (24� m) fluxes are sufficient to determine the SFR;

however, additional information from UV data improves reliability and should therefore be

included when possible.

3.5.2 A Link Between the Growth of Pseudobulges and their Structure

In Fig, 3.7 we show the SFR density of the bulge,
�

SFR� XS, as a function of bulge mass,

MXS, (left panel) and mass surface density of the bulge,
�

XS (right panel). To calculate

densities we set
�

SFR� XS = � XS� (� R2
XS), and likewise for mass density. The most striking

feature in both of these panels is the absence of low-mass bulges with high SFR densities.

We find that, similar to specific SFR in Fig. 3.5, classical bulges have small
�

SFR� XS

compared to their masses, and they do not show much correlation between
�

SFR� XS and

mass. As was the case with mass in Fig. 3.5, normalizing classical bulges by area shows

that their SFR is insignifigant, especially in comparison tothe pseudobulges. Indeed all

bulges are forming stars at similar rates, yet classical bulges are just too large for the present

day SFR to be important. Inactive pseudobulges are between the classical bulges and pseu-

dobulges. We cannot say whether there is any correlation in this space for the inactive

pseudobulges. Finally, late-type bulges have comparable SFR densities as pseudobulges
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but are offset to lower mass.

In the right panel of Fig. 3.7, we show the SFR density versus mass density of the

bulge,
�

SFR� XS vs.
�

XS. A weak positive correlation exists between mass density and SFR

density of all pseudobulges. In the figure (Fig. 3.7) we overplot four lines that indicate

different characteristic times in the simple formula,

�
SFR� XS =

�
XS

tgrow
� (3.9)

wheretgrow = 1� 10� 20� & 100 Gyr (dotted, short dash, long dash, & dot-dashed).

A linear regression fit to all active pseudobulges shows a weak postive correlation

that is
�

SFR� XS = 10−8�79� 0�08� 0�46� 0�04
XS ; yet the correlation has somewhat high scatter, with

Pearson correlation coefficientr = 0�6. A regression fit to all pseudobulges yields a similar

correlation, but with higher scatter. In this plane, it appears as if the inactive pseudobulges

lie at the low SFR end of the correlation defined by the active pseudobulges. Notice that the

power of the correlation is significantly below unity. This may simply reflect different times

over which significant bulge growth has occured. Also, if theratio of present day SFR to

historic SFR differs systematically from pseudobulge-to-pseudobulge then this could cause

the slope in the fitted correlation to be less steep than unity.

In Fig. 6.4 we show structural parameter correlations between bulge surface density
�

XS and radial bulge size (rXS; left panel), and bulge mass (MXS; right panel). Similar

to the right panel of Fig. 3.7 we show two correlations. However, the half-light radius is

ill-determined in the absence of high-resolution data fromNICMOS, and using it would

therefore restrict us to a much smaller sample. Further, it seems logical that the radius at

which a disk ceases to be exponential (from outside-in) would be a relevant metric if secular

evolution is occuring within the galaxy.

Pseudobulges show a postive correlation in the mass-density plane. For all active

pseudobulges we find
�

XS = 10−6�1� 0�4M0�94� 0�04
XS , with correlation coefficientr = 0�8; this

is shown as the solid line in Fig. 6.4. This correlation is remarkably close to unity. For
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comparison we also show a linear bisector
�

XS= 10−6�7� 0�4MXS; the bisector is represented

by a dashed line in Fig. 6.4. The left panel of Fig. 6.4 shows that when considering all

actively growing bulges, there is no real correlation between surface density of the bulge

and radial bulge size. Thus the radial extent of pseudobulges is independent of the mass

of the bulge. These two results fit well together. If the radial size of pseudobulges is

not affected by an increase in mass, then surface density andmass ought to have a linear

correlation; indeed, this is what we find.

Inactive pseudobulges have systematically higher densityper unit size than pseu-

dobulges and late-type bulges, and systematically lower density for a given mass than pseu-

dobulges. In fact, they are in the same location as classicalbulges in both of these plots.

The simplistic assumption that bulges maintain a roughly constant SFR results in

horizontal evolution of pseudobulges in the mass-SFR density plane (Fig. 3.7, left panel).

Those bulges with higher
�

SFR� XS would move faster, thus vacating the high-
�

SFR� XS low

mass region of Fig. 3.7. As this growth occurs, the bulge maintains roughly the same radial

size, and thus moves vertically, upward, in the left panel ofFig. 6.4. Therefore, as bulges

move horizontally from left-to-right in the
�

SFR� XS− MXS plane, they move diagonally in

the mass-density plane with
�

XS
� MXS.

3.5.3 Connections between The Growth Of Bulges To Outer Disks

All bulges are forming stars, as was shown in fig. 3.5, and SFRsin pseudobulges are high

enough to suggest that this mode of growth contributes a significant fraction of their stellar

mass. Now we wish to know, firstly, if this growth leads to an increase in stellar massB� T,

and, secondly, if this growth is connected to properties of the outer disk.

If the outer disk were forming stars at high enough rates, then the galaxy will not

increase stellarB� T despite the bulge SFR. The change in the ratio of bulge mass todisk
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Figure 3.9 Here we show specific SFR of the bulge to that of associated outer disk. The
solid black line represents the line of equality, the line with short dashes represents bulge
growth that is 10 times that of the disk, and the line with longdashesrepresents bulge growth
that is 100 times that of the disk. Symbols are the same as Fig.3.5.
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mass,Mbulge� Mdisk, can be expressed as

d
dt

�
Mbulge

Mdisk � =
Mbulge

Mdisk � � bulge

Mbulge
− � disk

Mdisk� � (3.10)

As one can see from Eq. 3.10, the trend inB� T can be determined by comparing the specific

SFR of bulges to that of disks. If the bulge has a higher specific SFR than the disk, then

over a time the galaxy will evolve toward earlier Hubble types.

We compare the specific SFR of the bulge to that of the outer disk in Fig. 3.9. The

solid line in represents the line of equality, the shortdashed line represents bulge growth that

is ten times that of the disk, and the long-dashed line represents bulge growth that is one

hundred times that of the outer disk. Galaxies above the solid line in Fig. 3.9 are increasing

B� T. We find that almost all (� 80%) of the galaxies in our sample are increasing theB� T

ratio, and thus evolving toward earlier Hubble types. Asidefrom one galaxy that has grown

its bulge extremely fast compared to the outer disk (NGC 4580), the typical bulge is is

growing at 2-6 times that of the outer disk. The small bulges,pseudobulges in late-type

galaxies, are growing much faster than their outer disk, on average in late-type galaxies

the bulge is growing at a rate roughly eight times that of the outer disk� � XS� Mxs � Sc−d=

8� � � disk� Mdisk � Sc−d (again excluding NGC 4580 from that average).

If a galaxy has a classical bulge, the entire galaxy is forming fewer stars. Drory &

Fisher (2007) show that galaxies with classical bulges are on the red sequence (as defined by

Strateva et al. (2001)) and galaxies with pseudobulges are in the blue cloud. Also Peletier

& Balcells (1996) find that bulge and disk ages are correlatedfrom galaxy to galaxy, older

bulges are in older disks. Similar to these results, we find inFig. 3.9 that those disks that are

not forming many stars have bulges that are not growing either, and the bulges that are the

most active are in the most active disks. Thus the present-day SFR in classical bulges will

not produce significant evolution in those galaxies. However, if galaxies with pseudobulges

are able to supply enough gas to support their star formation, they will evolve considerably.

In Fig. 3.10, we compare the mass of disks to the mass of the bulges (bottom
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Figure 3.10 Here we compare the specific SFR of the bulge (top)and the mass of the bulge
(bottom) to the mass of the outer disk. Symbols are the same asFig. 3.5.
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panel), and to the the SFR density of the bulges (top panel). Pseudobulges show a high-

scatter positive correlation between the SFR density and the disk mass. In the top panel of

Fig. 3.10, we show a horizontal line representing the medianbulge SFR density (median
�

XS� SFR= 8�3 � 10−8 M � yr−1 kpc−2) and the vertical line represents the median disk mass

(medianMdisk= 2�39 � 109 M � ). Larger disks are driving higher SFR densities in their cen-

ters, if the center of the galaxy contains an active pseudobulge. Less massive disks do not

contain bulges with high SFR densities. Pseudobules in late-type galaxies are located in the

same region of the
�

SFR� XS− Mdisk parameter space as those in intermedate-type galaxies.

In both intermediate- and late-type objects, if the disk mass is small the bulge is not forming

stars as vigoroursly.

In general we find that larger bulges are in larger disks. Thisis not necessarily

due to secular evolution of disk gas, but rather it could be that all substructure is larger if

more mass is available in the halo. Though, the low number of classical bulges and inactive

pseudobulges in our sample prevent us from saying too much about them. The classical

bulges and inactive pseudobulges in this paper tend to be slightly more massive per unit

disk mass.

Pseudobulges in late-type galaxies are systematically lower in bulge mass per unit

disk mass compared to pseudobulges. Of course,B� T is part of the definition of Hubble

type, so this is in no way suprising. The boundary seperatinglate-type and intermediate type

galaxies in our sample is aroundMXS� Mdisk � 0�1, indicated bt the solid line in the bottom

panel of Fig. 3.10. There is also a fitted relation to all active pseudobulges that indicates that

the correlation of disk mass and bulge mass is almost exactlylinearMXS
� M1�08� 0�07

disk , with

correlation coefficientr = 0�6. This fit is plotted as a dotted line in Fig. 3.10. The spread in

the correlation between bulge and disk mass becomes much greater at low-disk mass.
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3.6 Discussion

3.6.1 Summary of Results

In this paper we study the star formation and stellar masses in the centers of bulge-disk

galaxies, with a specific emphasis on pseudobulges. Primarily, we wish to know if the

present day star formation rate in pseudobulges is sufficient to have played a major role in

the formation of bulges we see today. Amoung those pseudobulges with presently active

star formation, the answer to this question appears to be yes. In large pseudobulges (Sa-Sbc)

the present day SFR can account for half the stellar mass in 6 Gyr; in smaller pseudobulges

(Sc-Sd) present day SFR needs only 2 Gyr to form their entire stellar mass.

In pseudobulges, SFR density postively correlates with both mass and mass density.

A regression fit to all presently active pseudobulges yields
�

SFR� XS= 10−8�70� 0�07� 0�46� 0�04
XS .

We argue that if the present-day SFR has been sustained for some time, then the postive

correlations between mass and mass density with SFR densityare expected: bulges with

higher SFR densities grow faster; over a long time this process will evacuate the low-mass

high-SFR-density region of parameter space, as we observe in Fig. 3.7. Therefore, positive

correlations with mass and SFR density are constsitent withlong-term bulge growth via

internal star formation. We note that this arguement is onlyvalid if pseudobulges do not

change radius as they increase stellar mass.

We investigate the location of inactive pseudobulges in structural parameter corre-

lations. We often find that inactive pseudobulges are more similar in these parameter spaces

to classical bulges, than they are to pseudobulges that are actively forming stars.

We find that bulges with higher specific SFR live inside disks with higher specific

SFR, though most bulges are in increasing their relative mass faster than their outer disk.

Therefore, theB� T of almost all of the galaxies in our sample is increasing. More massive

disks are shown to contain both higher star formation rate densities, and more massive

bulges.
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3.6.2 Is Secular Evolution Evolution Building Pseudobulges?

Is secular evolution responsible for building pseudobulges in disk galaxies we observe to-

day? Many observations of disk galaxies, combined with results of simulations, strongly

suggest that the rearrangement of disk mass into rings and bars is also funneling gas and

stars to the center of the galaxy (see Kormendy & Kennicutt, 2004; Athanassoula, 2005 and

references therein for reviews). Although detailed predictions about the growth of pseuod-

bulges in disk galaxies do not exist, our results are consistent with expectations that derive

from the idea that pseudobulges are built out of disk material.

We find a picture emerging from our data that is consistent with secular growth of

bulges in disk galaxies. The specific SFR of bulges in our sample indicate that the typical

pseudobulge requires roughly 5 Gyr to form at the present daySFR (shown in Fig. 3.5).

If long-term, moderate SFR was responsible for evolving galaxies from little-to-noB� T to

B� T � 1� 3, then we should not find pseudobulges with low mass and high SFR density.

Indeed this is what we find in Fig. 3.7. If pseudobulges are made slowly through internal

star formation there is no violent event that rearranges theorbits of stars. Thus these bulges

would stay the same size as they increase their mass, and unlike in elliptical galaxies and

classical bulges the mass density would positively increase with mass. Finally, if bulges are

forming out of disk material it is reasonable to expect that larger disks would make larger

bulges. This is indeed what we find, and show in Fig. 3.10. Moremassive pseudobulges

are in more massive disks, also the highest SFR densities only occur in more massive disks.

Our data suggest that small disks cannot grow large bulges.

The correlations of bulge SFR density and stellar mass with disk mass fit in well

with other correlations of bulge and disk properties. Thereis a well-known correlation

between the size of the bulge (as measured by scale-length orhalf-light radius) and the

scale-length of the outer disk (Courteau et al., 1996a; MacArthur et al., 2003). Fisher &

Drory (2008) show that this correlation only exists in pseudobulges. Also, Carollo et al.

(2007) show that the mass of bulges is correlated with the total mass of galaxies. However,
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this is not too suprising since bulges contribute significant fractions of the mass. In fig. 3.10,

we show that bulges are correlated with the disk mass. Thoughthis does not really rule

out other possible mechanisms of pseudobulge formation, itseems reasonable that secular

growth of bulges would produce such connections between thestellar mass of bulges and

disks.

We find the correlation between the specific star formation rates of the disk and

bulge particularly compelling for secular evolution driven by disk processes. That the spe-

cific SFR of bulges and disks are correlated is no surprise; correlations between the stellar

populations of bulges and disks are well known (e.g. Peletier & Balcells, 1996). What we

show in Fig. 3.9 is that most bulges are growing faster than their associated outer disk, and

this is common for both pseudobulgesandclassical bulges. In Fig. 3.11 we replot Fig. 3.9

which compares the specific SFR of the bulge to that of the disk, however this time the sym-

bols represent the type of disk in the galaxy (barred galaxies are represented by magenta

triangles, ovaled galaxies are represented by cyan circlesand galaxies with neither bars nor

ovals are represented by black squares). The solid lines indicates the line of equality; the

dashed line indicates bulge growth that is 10� the growth of the disk. For all types of galaxy

disks (barred, ovaled, and disks with neither bars nor ovals) the bulge is growing faster than

the disk. Further, the growth is not signifigantly more pronounced in barred and ovaled

galaxies. This does not mean that bars are not important. Although the exact conditions

for bar dissolution are not well understood, we know that increasingB� T can cause a bar

to fade (Shen & Sellwood, 2004; Athanassoula et al., 2005). It may be that many galaxies

that are driving faster growth inB� T destroy their bars faster.Nonetheless, we observe

that most galaxies in our sample are increasing B� T through present day star formation.

If this evolution is due to slow rearrangement of disk gas andstars (i.e. secular evolution),

this implies that secular evolution is a universal process,occurring in every giant galactic

disk. Kormendy & Fisher (2005) discuss the universality of secular evolution. They ar-

gue that the processes that drive the slow growth of bulges arise from natural tendencies of
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Figure 3.11 Here we replot Fig. 3.9, but the symbols are changed to reflect the type of disk
each galaxy has. Bars are represented by magenta triangles,ovaled disk are represented
by cyan circles, and galaxies with disks that are neither barred nor ovaled are represented
by black squares. The solid line shows the line of equality, the dashed line shows the case
where the bulge is growing ten times faster than the disk.

54



self gravitating disks. If secular evolution is what is driving bulge growth in our sample,

then it comes as no suprise that it appears common in intermediate-type galaxies. Drory &

Fisher (2007) show that if a galaxy contains a classical bulge, the entire galaxy is on the red

sequence. If secular evolution is occurring in all galaxieswith disks, those galaxies who

no longer have as much fuel for significant star formation, namely red sequence galaxies,

would simply not grow as much.

The time scales of pseudobulge growth we observe are similarto the time-scale of

bulge formation in simulations (Debattista et al., 2004; Heller et al., 2007a,b). Yet present-

day star formation in more massive pseudobulges in our sample can only account for half of

their stellar mass within a reasonable time-frame. It is likely that the SFR of pseudobulges

were higher in the past just as higher historic SFRs in the past are typical in disk galaxies

(Kennicutt et al., 1994). Also, simulations show that thereis a signifigant amount of radial

transfer of stellar mass that occurs naturally within disk galaxies Roškar et al. (2008). Tak-

ing all of these different factors into account, it seems quite reasonable to us to assume that

the present-day SFR need only accound for some fraction, possibly of the order of one-half,

of the mass of the bulge.Thus, the star formation rates we observe in nearby pseudobulges

are sufficient to form their stellar mass, and are not so high as to require some mechanism

to shut off secular evolution in many galaxies.

Also, it is quite possible that the stellar mass in present day pseudobulges arises

from multiple evolutionary mechanisms. Carollo et al. (2007) find an underlying popula-

tion of old stars in many very late-type bulges. Cox et al. (2008) show that very minor

mergers do not signifigantly alter the SFR of disk galaxies, thus it may be that part of the

mass is directly accreted while or before a pseudobulge is built in the same galaxy. Also,

clump instabilities occur frequently in simulations (e.g.Noguchi, 1999; Immeli et al., 2004;

Debattista et al., 2006), and the clumps fall to the center ofthe galaxy. The result is a central

density that is higher than the inward extrapolation of the disk profile. These clumps may

have been observed in high redshift galaxies (Bournaud et al., 2008). However, Elmegreen
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et al. (2008) show that these clumps genarally heat the disk,and produce structures looking

more similar to classical bulges than to pseudobulges. Also, accretion of mass to make half

the bulge mass is likely to heat a disk (Toth & Ostriker, 1992;Velazquez & White, 1999),

therefore stabilizing the disk against efficient mechanisms to drive more radial gas and mass

inflow.

3.6.3 Future Pseudobulge Growth In Late-Type Galaxies

If secular evolution is responsible for pseudobulges, thenit makes sense that there is a

distribution of bulge-to-total ratios that extends all theway to zero. Fig. 6.4 shows that late-

type bulges and pseudobulges form a sequence in the mass versus surface density plane.

Also, late-type bulges are roughly the same size as pseudobulges (as measured byrXS).

Thus, it appears that adding stellar mass to late-type bulges would make them similar to

pseudobulges in intermediate-type galaxies.

Is there enough gas in the bulges of late-type galaxies to build a pseudobulge in the

future? We combine the central surface density of gas from BIMA SONG (Helfer et al.,

2003; Sheth et al., 2005) and our SFR densities to determine gas consumption time scales.

Given the small sample this produces, the results should only be taken as suggestive. A

more rigorous study is needed for a more accurate analysis. We find gas consumption times

of 5-8 Gyr, very similar to the typical pseudobulge doublingtime which is about 5 Gyr.

However, some of the smaller late-type bulges are an order ofmagnitude smaller than the

typical pseudobulge.

We combine our sample with nuclear gas masses from Sheth et al. (2005); we find

that if late-type pseudobulges continue consuming the gas in their centers at the same rates

as today, only the few with the highest nuclear gas masses (which typically have� XS �

0 �2 M� yr−1) will be able to build a pseudobulge before running out of gasin the center.

Thus if the smaller pseudobulges in late-type galaxies withlower SFR are to build larger

pseudobulges, then gas must be driven inward from the outer disk. However, as discussed
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Figure 3.12 Here we show the bulge-to-total ratio of the stellar mass and surface desnity of
SFR to the fraction of the gas fraction (Mgas� Mstars). The black line represents the line of
equality. Symbols are the same as Fig. 3.5.
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by Sheth et al. (2005) it is not trivial to get the gas to the center of the galaxy. Nonetheless,

we ask if there is a large enough reservoir of gas in the whole galaxy to supply late-type

bulges with enough gas to grow a pseudobulges more similar tothose in intermediate-type

galaxies.

Some late-type bulges have capacity to grow into typical pseudobulges, but not all.

In Fig. 3.12, we compare the gas mass fraction,fgas
� Mgas� Mstars, to bulge-to-total ratio

(top panel) and the SFR density of the bulge (bottom panel). Note that the quantityfgas is

describing the entire galaxy, not just the bulge. We use gas masses reported in (Sheth et al.,

2005) and (Kennicutt, 1998a). In this sample, late-type pseudobulges have similar total gas

fractions on average as the population of pseudobulges. There is enough gas in the entire

galaxy in the lowestB� T pseudobulges systems to build a bulge withB� T � 0�1 (given

that the process of gas inflow and conversion into stars can maintain an efficiency of order

10%). However, at the current SFR this would take longer thana Hubble time for smaller

late-type pseudobulges.

There is some evidence that disk mass plays an important role. In Fig. 3.10 we

show that massive bulges exist only in massive disks, and that the spread inB� T increases

for lower-mass disks. Yet, M 101 is an unbarred Sc galaxy withtotal stellar massM �

3 � 109 M� , a total SFR of� total � 0 �4 M� yr−1 and gas fraction offgas � 0�5. These three

properties are similar to M 63, an unbarred Sbc galaxy withM � 8 � 109 M� , a total SFR

of � total � 0�6 M� yr−1, and gas fraction offgas � 0�6. The total mass is less than a factor

of 2 different, the total SFR is similar, yet M 63 has a pseudobulge mass ofMXS � 109 M�

but M 101 has a bulge that is 2 orders of magnitude smaller,MXS � 2 � 107 M� . It seems

that having a large disk mass is necessary, but not sufficientto form a large pseudobulge.

Bars in early type galaxies are longer than bars in late-typegalaxies (Erwin, 2005).

It may be that bars observed in Sa-Sbc galaxies are able to fuel more active growth of

pseudobulges than bars in later types. However, Combes & Elmegreen (1993) show with

simulations that as bars grow they also slow down and become longer; therefore it seems
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possible that the difference in bar types is a consequence ofthe difference in bulge mass, or

at least they arise from a common process. Also recall from Fig. 3.11, that barred galaxies

are not showing fasterB� T growth. It is possible that some other process such as external

accretion of satellites could supply the disk with cold gas that may foster secular evoution

(see Bournaud & Combes, 2002). It may be worth noting that warps in disks due to ac-

cretion survive in simulations for times that are comparable to the typical growth time of a

pseuodbulges, a few Gyr (Shen & Sellwood, 2006). If accretion triggers evolution of the

disk, this generates a seeemingly arbitrary, and possibly unobservable, distinction between

those galaxies that form large pseudobulges (B� T � 15%) and those with almost no bulge

at all, as in M 101.

Other possibilities for generating the differences between galaxies with massive

pseudobulges and those with small pseudobulges include dark matter halo-triaxiality or

other couplings between baryonic mass and dark matter properties (Foyle et al., 2008, e.g.).

Finally, it may just be a matter of time. Fig. 3.10 shows that late-type bulges and pseu-

dobulges at the same disk mass have the same SFR density; if secular evolution of disks

continues driving gas to the centers of late-type disk galaxies it may be that in a few Gyr

M 101 will look similar to galaxies like NGC 5055 inB� T as well as in other properties.

3.6.4 Inactive Pseudobulges or Acitve Classical Bulges?

In §3.5 we distinguish galaxies based upon two seperate properties. First, galaxies are

seperated via morphology; we call those bulges that possessdisk-like structure, as outlined

in Kormendy & Kennicutt (2004), pseudobulges and those withbulges that better resemble

E-type galaxies classical bulges. However, we notice that the set of pseudobulges has two

subsets: those that actively form stars and those that are inactive.

In all cases involving star formation rates, inactive pseudobulges are found between

(active) pseudobulges and classical bulges. Yet, their nuclear morphology is similar to

pseudobulges. Furthermore, they have Sérsic index less than two, which strengthens the
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claim that they are pseudobulges (Fisher & Drory, 2008). When we distinguish the bulges

based not just on morphology but also specific SFR the inactive pseudobulges appear more

like classical bulges than pseudobulges. Their true natureis thus, somewhat uncertain.

Inactive pseudobulges seem to be transition objects in parameter space, and possibly

in formation mechanism. In Fig. 3.9 we show that all bulges inour sample are growing

faster than their outer disk, and this is independent of the type of bulge. Thus, if secular

evolution is driving this trend, and if the bulge is small enough and the disk has enough

gas, it is possible that a pseudobulge could grow on top of theclassical bulge. In this case

the bulge mass would be high with respect to the SFR, because alarge fraction of the mass

is in a classical bulge. This argument is supported by the fact that inactive pseudobulges

typically have higherB� T than active pseudobulges.

Secondly, it is also possible that inactive pseudobulges are galaxies in which secular

evolution is effectively shutting off. We note again that inactive pseudobulges are the largest

B� T pseudobulges, thus it is possible that the disk has built a large bulge that now stabilzes

the disk against large scale instabilities, as has been seenin many simulations (e.g. Friedli

& Benz, 1993; Shen & Sellwood, 2004; Athanassoula et al., 2005). However, this would

not explain why inactive pseudobulges look more similar to classical bulges in structural

parameter correlations.

It is possible that we are seeing externally driven star formation in a few classical

bulges. This would explain why the structural properties ofinactive pseudobulges are so

similar to classical bulges, seen in Fig. 6.4. Also, it appears that in both the� XS− MXS and

� XS� MXS− MXS planes (Fig. 3.5) inactive pseudobulges show similar behavior to classical

bulges that is shifted slightly toward higher SFR. We note that M 81, which is denoted in

each figure as a red triangle, has a classical bulge and the galaxy is known to be interacting

with nearby M 82. Thus, it has dust in the bulge that is easily seen in MIPS and IRAC 8� m

images (Gordon et al., 2004). Inactive pseudobulges have different optical morphology and

also much higher specific SFR than M 81. However, since M 81 is the largest bulge in our
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sample, it is probably not the best comparison object. This would imply that the method

classifying bulges based on the presence of disk-like morpholgy may be flawed in this

respect, and that 6 out of 22 pseudobulges in our sample wouldbe misclassified. However,

it would be hard to explain why inactive pseudobulges have Sérsic indices below 2 just like

pseudobulges and unlike any classical bulges.

Given these three possibilities we do not know what the true nature of inactive

pseuodbulges is. It is quite possible that inactive pseudobulges are a mixed bag of objects,

that some are evolved pseudobulges, others true composites, and some are active classical

bulges. Furture work involving dynamics may be more revealing of their physical nature.

Nonetheless, the existance of inactive pseuodbulges in no way denies the fact that active

pseuodbulges are growing rapidly. We note in Tables 1 & 2 thatthese galaxies do not have

significantly perturbed global morphology. Recall that in Fig. 3.5 we show that some pseu-

dobulges have sufficient SFR to double their stellar mass in 1-2 Gyr. If this star formation

were due to non-secular means, (namely mergers) it is unlikely that the merger remnant

would have relaxed so much as to form a cold disk with a centralbulge yet star burst.
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Table 3.1. Sample Galaxy Properties

Identifier Alt. Dist. Bulge Hubble Disk MB nb(V)d

Name (Mpc) Typea Typeb Typec (B mags)

NGC 1617 13.78 C Sa B -19.5 2.04
�

0.22�
NGC 2775 14.42 C SB0/a U -19.7 3.8

�
0.19

NGC 2841 8.96 C Sb U -19.7 2.15
�

0.24
NGC 3031 M 81 3.91 C Sb U -20.2 3.79

�
0.2

NGC 4450 14.28 C Sab B -19.9 3.67
�

0.29�
NGC 4698 15 C Sa B -19.3 3.6

�
0.26

NGC 4725 16.32 C Sa B -21.1 5.23
�

0.18
NGC 6744 10.28 C SBbc B -20.9 2.53

�
0.3

NGC 3368 M 96 13 P(I) Sab O -20.5 1.71
�

0.37
NGC 3953 13.24 P(I) SBbc B -20.1 2.69

�
0.37�

NGC 4274 13.17 P(I) Sa O -19.3 1.82
�

0.24
NGC 7177 16 P(I) Sab B -19.2 1.51

�
0.18

NGC 7217 16.63 P(I) Sb U -20.1 3.52
�

0.2
NGC 7331 13.24 P(I) Sb U -20.4 4.53

�
0.45�

NGC 1433 9.85 P SBb B -19.2 0.9
�

0.13�
NGC 1512 9.85 P SBb B -18.8 1.56

�
0.14

NGC 1672 12.3 P Sb O -20.1 1.24
�

0.11�
NGC 3351 M 95 7.06 P SBb B -18.7 1.51

�
0.39

NGC 3521 7.2 P Sbc U -19.4 3.2
�

0.46
NGC 3593 9 P Sa U -17.9 1.8

�
0.37
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Table 3.1 (cont’d)

Identifier Alt. Dist. Bulge Hubble Disk MB nb(V)d

Name (Mpc) Typea Typeb Typec (B mags)

NGC 3627 M 66 6.83 P Sb B -19.4 2.9
�

0.42
NGC 3675 10.12 P Sb U -19.1 3.16

�
0.29�

NGC 3726 13.24 P Sbc B -19.9 1.94
�

0.33�
NGC 4245 13 P SBa B -18.2 1.9

�
0.34

NGC 4314 14 P SBa B -19.3 2.37
�

0.39
NGC 4380 13 P Sab U -17.9 1.41

�
0.2

NGC 4394 14.28 P SBb B -19.2 1.65
�

0.25
NGC 4448 10 P Sa B -18 1.68

�
0.34

NGC 4457 10.22 P RSb O -18.3 1.66
�

0.5�
NGC 4569 M 90 14.28 P Sab B -20.7 1.9

�
0.28

NGC 4639 14.28 P SBb B -18.6 1.64
�

0.45
NGC 4736 M 94 4 P RSab O -19.3 1.62

�
0.26

NGC 4826 M 64 7.48 P Sab U -20.1 3.94
�

0.34
NGC 5055 M 63 7.27 P Sbc U -20 1.84

�
0.24

NGC 5194 M 51 6.52 P Sbc U -20.3 0.55
�

0.07
NGC 5248 16.75 P Sbc O -20.2 1.62

�
0.27

NGC 5879 13.45 P Sb U -18.5 1.65
�

0.19
IC 342 2.58 P(L) Scd U -17.4 1.88

�
0.41�

NGC 0628 M 74 9.05 P(L) Sc U -20.1 1.45
�

0.1
NGC 0925 9.08 P(L) SBc B -19.2 1.18

�
0.21�
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Table 3.1 (cont’d)

Identifier Alt. Dist. Bulge Hubble Disk MB nb(V)d

Name (Mpc) Typea Typeb Typec (B mags)

NGC 2403 3.35 P(L) Sc U -18.8 1.5
�

0.62�
NGC 2903 8.16 P(L) Sc U -20 0.42

�
0.07

NGC 3184 9.11 P(L) Sc U -19.4 1.78
�

0.48�
NGC 3198 9.11 P(L) Sc U -18.9 1.69

�
0.63�

NGC 3769 14.04 P(L) SBc B -18.2 0.54
�

0.09�
NGC 3938 14.04 P(L) Sc B -19.8 1.68

�
0.34�

NGC 4136 12.48 P(L) Sc B -18.4 0.58
�

0.65�
NGC 4303 M 61 19.77 P(L) Sc B -21.3 0.96

�
0.14�

NGC 4321 M 100 14.28 P(L) Sc B -20.8 0.5
�

0.06�
NGC 4414 12.48 P(L) Sc U -19.5 2.79

�
0.31�

NGC 4559 9.87 P(L) Sc U -19.7 1.85
�

0.82�
NGC 4580 14.63 P(L) Sc/Sa U -18.1 1.65

�
0.6�

NGC 5457 M 101 5.03 P(L) Sc U -20.1 1.83
�

0.46�
NGC 6946 5.53 P(L) Sc U -19 1.87

�
0.36

aC – classical bulge; P – pseudobulge; P(I) – pseudobulge designated as inactive; P(L)
– pseudobulge in a late-type galaxy.

bTaken from Sandage & Bedke (1994)

cB – Barred Disk; O – Ovalled Disk; U – Unbarred & Onovalled.

d � indicates new decomposition; otherwisenb is taken from Fisher & Drory (2008).
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Table 3.2. Sample Galaxy Properties II

Identifier � Total Total Stellar Mass Mgas� Mstar
e

(M � yr−1) (109 M � )

NGC 1617 0.03
�

0.002 12.7
�

0.9 ...
NGC 2775 0.09

�
0.013 16.5

�
1.1 ...

NGC 2841 0.23
�

0.027 14.1
�

0.5 0.29 (1)
NGC 3031 0.36

�
0.02 22.6

�
2.3 0.07 (1)

NGC 4450 0.07
�

0.007 31.8
�

1.8 0.09 (1)
NGC 4698 0.03

�
0.004 56.4

�
2.7 0.01 (2)

NGC 4725 0.21
�

0.006 31.5
�

1.1 0.24 (1)
NGC 6744 0.27

�
0.021 12.3

�
0.5 ...

NGC 3368 0.2
�

0.011 21.5
�

2.2 0.09 (1)
NGC 3953 0.15

�
0.014 11.2

�
1.2 0.77 (1)

NGC 4274 0.14
�

0.002 13.7
�

0.4 ...
NGC 7177 0.06

�
0.003 6.3

�
0.5 ...

NGC 7217 0.2
�

0.01 23.3
�

1.3 ...
NGC 7331 2.09

�
0.322 31.1

�
3.3 0.74 (1)

NGC 1433 0.06
�

0.002 3.8
�

0.2 ...
NGC 1512 0.2

�
0.002 4

�
0.2 ...

NGC 1672 1.39
�

0.019 7.2
�

0.3 ...
NGC 3351 0.19

�
0.001 4.3

�
0.6 0.4 (1)

NGC 3521 0.53
�

0.039 11.8
�

1.4 0.52 (1)
NGC 3593 0.21

�
0.001 4.4

�
0.7 ...
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Table 3.2 (cont’d)

Identifier � Total Total Stellar Mass Mgas� Mstar
e

(M � yr−1) (109 M � )

NGC 3627 0.32
�

0.015 7.2
�

0.8 1.93 (1)
NGC 3675 0.18

�
0.026 8.5

�
0.8 0.31 (2)

NGC 3726 0.21
�

0.01 3
�

0.5 0.73 (2)
NGC 4245 0.02

�
0.001 3.6

�
0.3 ...

NGC 4314 0.12
�

0.01 6.4
�

0.9 ...
NGC 4380 0.03

�
0.008 2.8

�
0.5 ...

NGC 4394 0.05
�

0.004 4.3
�

0.4 0.22 (2)
NGC 4448 0.04

�
0.001 3.3

�
0.3 ...

NGC 4457 0.06
�

0.003 3.8
�

0.2 ...
NGC 4569 0.53

�
0.029 14.9

�
1.6 0.69 (1)

NGC 4639 0.03
�

0.004 2.3
�

0.2 0.11 (2)
NGC 4736 0.31

�
0.015 5.8

�
0.2 0.47 (1)

NGC 4826 0.27
�

0.006 16.2
�

1 0.08 (1)
NGC 5055 0.62

�
0.067 12.8

�
0.8 0.56 (1)

NGC 5194 1.46
�

0.188 9.3
�

0.7 1.7 (1)
NGC 5248 0.92

�
0.011 13.2

�
0.8 1.13 (1)

NGC 5879 0.09
�

0.004 2.1
�

0.1 ...
IC 342 0.31

�
0.019 3.1

�
0.3 0.76 (2)

NGC 0628 0.54
�

0.043 4.9
�

0.7 0.56 (1)
NGC 0925 0.45

�
0.024 1.4

�
0.4 1.39 (1)
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Table 3.2 (cont’d)

Identifier � Total Total Stellar Mass Mgas� Mstar
e

(M � yr−1) (109 M � )

NGC 2403 0.3
�

0.118 1.3
�

0.2 0.08 (2)
NGC 2903 0.76

�
0.018 7.1

�
0.6 0.51 (1)

NGC 3184 0.07
�

0.003 3.3
�

0.2 0.64 (1)
NGC 3198 0.39

�
0.009 1.7

�
0.1 ...

NGC 3769 0.14
�

0.01 1.3
�

0.8 ...
NGC 3938 0.3

�
0.044 4.6

�
2.6 1.16 (1)

NGC 4136 0.1
�

0.025 0.9
�

0.6 ...
NGC 4303 1.99

�
0.092 26.2

�
2.9 ...

NGC 4321 1.2
�

0.024 16.4
�

6.2 ...
NGC 4414 0.49

�
0.211 19.7

�
3.3 1.24

NGC 4559 0.61
�

0.398 10
�

0.1 0.06 (1)
NGC 4580 0.05

�
0.001 2.4

�
1 ...

NGC 5457 0.44
�

0.073 4.2
�

0.2 0.57 (1)
NGC 6946 0.58

�
0.042 5.8

�
1.5 2.11 (1)

eSources are as follows: (1)–Sheth et al. (2005); (2)–Kennicutt
(1998a)
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Table 3.3. Bulge Properties

Identifier Alt. Bulge RXS LXS(3.6 � m) LXS(24 � m) LXS(FUV)
Name Typea (kpc) (1040 erg s−1) (1040 erg s−1) (1040 erg s−1)

NGC 6744 C 2.5� 0.21 1.4� 0.14 1.8� 0.1 ...
NGC 3031 M 81 C 4.07� 0.21 9.15� 0.37 15.9� 0.6 7.5� 1.19
NGC 4450 C 2.86� 0.16 6.11� 0.35 8.8� 0.7 6.44� 0.81
NGC 2775 C 3.46� 0.22 4.82� 0.32 10.2� 1.3 17.23� 1.24
NGC 4725 C 3.41� 0.21 6.97� 0.25 12.5� 0.4 ...
NGC 1617 C 1.13� 0.07 2.68� 0.12 2.1� 0.1 0.1� 0.02
NGC 2841 C 1.82� 0.16 2.63� 0.26 4� 0.4 0.45� 0.02
NGC 4698 C 1.61� 0.17 2.06� 0.17 2.2� 0.3 ...
NGC 3368 M 96 P(I) 1.77� 0.15 5� 0.37 21.3� 1 2.15� 0.25
NGC 3953 P(I) 1.83� 0.15 1.82� 0.2 4.5� 0.3 ...
NGC 4274 P(I) 2.43� 0.05 4.67� 0.13 26.1� 0.3 2.27� 0.06
NGC 7177 P(I) 1.36� 0.08 2.83� 0.11 11.2� 0.4 0.93� 0.13
NGC 7217 P(I) 4.43� 0.28 8.81� 0.44 53.6� 2.6 3.32� 0.22
NGC 7331 P(I) 1.5� 0.1 6.96� 0.48 31.8� 5.9 12.86� 1
NGC 1433 P 0.59� 0.13 1.28� 0.08 6.1� 0.2 ...
NGC 1512 P 1.42� 0.07 1.18� 0.04 9.8� 0.1 71.88� 0.76
NGC 1672 P 1.18� 0.11 3.6� 0.12 244.9� 2.4 39.9� 1.36
NGC 3351 M 95 P 0.97� 0.05 1.26� 0.04 51.2� 0.2 6.31� 0.06
NGC 3521 P 1.07� 0.06 2.16� 0.25 21.1� 1.5 2.86� 0.24
NGC 3593 P 2.3� 0.13 2.26� 0.08 82.6� 0.3 ...
NGC 3627 M 66 P 0.8� 0.1 1.48� 0.1 17.1� 0.8 0.18� 0.03
NGC 3675 P 1.03� 0.12 1.38� 0.14 18.5� 2.1 ...
NGC 3726 P 0.81� 0.06 0.22� 0.01 7.4� 0.3 ...
NGC 4245 P 1.25� 0.09 0.76� 0.06 4.5� 0.1 ...
NGC 4314 P 1.31� 0.18 2.71� 0.28 29.8� 1.3 18.97� 2.74
NGC 4380 P 1.36� 0.15 0.33� 0.03 2.9� 0.6 1.09� 0.32
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Table 3.3 (cont’d)

Identifier Alt. Bulge RXS LXS(3.6 � m) LXS(24 � m) LXS(FUV)
Name Typea (kpc) (1040 erg s−1) (1040 erg s−1) (1040 erg s−1)

NGC 4394 P 1.05� 0.26 0.81� 0.07 2.5� 0.2 ...
NGC 4448 P 0.61� 0.07 0.83� 0.07 3.6� 0.1 ...
NGC 4457 P 0.62� 0.1 1.6� 0.08 14.4� 0.5 ...
NGC 4569 M 90 P 1.37� 0.25 3.68� 0.35 85.4� 4.3 11.66� 0.89
NGC 4639 P 0.66� 0.08 0.44� 0.04 1.9� 0.2 0.07� 0.01
NGC 4736 M 94 P 0.48� 0.02 2.05� 0.08 12.8� 0.4 7.47� 0.54
NGC 4826 M 64 P 1� 0.09 4.09� 0.15 54.2� 0.9 3.49� 0.38
NGC 5055 M 63 P 2.5� 0.18 3.4� 0.18 58.2� 5.5 13.22� 2.24
NGC 5194 M 51 P 1.19� 0.06 1.65� 0.12 55.1� 7 20.22� 2.7
NGC 5248 P 1.79� 0.11 4.49� 0.16 131.2� 1.5 0.99� 0.04
NGC 5879 P 2.6� 0.19 1.76� 0.04 28.9� 1.4 0.95� 0.06
IC 342 P(L) 1.13� 0.29 0.18� 0.02 60.4� 3.2 ...
NGC 0628 M 74 P(L) 1.27� 0.06 0.56� 0.03 5.8� 0.4 5.51� 0.5
NGC 0925 P(L) 2.18� 0.1 0.13� 0.01 6.7� 0.5 31.76� 1.6
NGC 2403 P(L) 1.51� 0.33 0.37� 0.1 6.1� 2.5 6.2� 2.38
NGC 2903 P(L) 0.68� 0.02 1.36� 0.01 99.4� 2.2 10.44� 0.4
NGC 3184 P(L) 0.62� 0.08 0.14� 0.02 4.7� 0.2 ...
NGC 3198 P(L) 0.95� 0.05 0.36� 0.02 16.5� 0.3 1.15� 0.08
NGC 3769 P(L) 1.28� 0.07 0.32� 0.02 11.7� 1 8.38� 0.47
NGC 3938 P(L) 0.91� 0.05 0.28� 0.02 5� 0.8 0.19� 0.03
NGC 4136 P(L) 0.61� 0.21 0.02� 0 0.6� 0.2 1.02� 0.21
NGC 4303 M 61 P(L) 1.68� 0.32 2.19� 0.19 101.5� 4.2 17.19� 1.3
NGC 4321 M 100 P(L) 1.63� 0.12 2.52� 0.11 101.5� 2.2 38.98� 0.63
NGC 4414 P(L) 0.36� 0.02 0.95� 0.04 4.2� 1.8 0.02� 0.01
NGC 4559 P(L) 2.08� 0.79 1.84� 0.73 12.8� 7.4 13.86� 10.1
NGC 4580 P(L) 2.17� 0.05 0.03� 0 11.2� 0.3 ...
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Table 3.3 (cont’d)

Identifier Alt. Bulge RXS LXS(3.6 � m) LXS(24 � m) LXS(FUV)
Name Typea (kpc) (1040 erg s−1) (1040 erg s−1) (1040 erg s−1)

NGC 5457 M 101 P(L) 1.4� 0.3 0.06� 0.02 5.4� 0.8 2.3� 0.49
NGC 6946 P(L) 0.98� 0.08 0.97� 0.08 94.7� 4.9 ...

(a) C – classical bulge; P – pseudobulge; P(I) – inactive pseudobulge; P(L) – pseudobulge in a
late-type galaxy.

Table 3.4. Bulge Properties II

Identifier � XS � SFR�XS MXS MDisk � XS

(10−3 M � yr−1) ( M � yr−1 pc−2) (108 M � ) (108 M � ) (M � pc−2)

NGC 6744 8.1� 0.6 8.1� 0.6 22.79� 1.71 75.4� 5.6 57.12� 4.68
NGC 3031 39� 5.5 39� 5.5 38.85� 2.58 96.8� 6.4 10.35� 0.75
NGC 4450 23� 2.7 23� 2.7 21.38� 0.71 90.4� 3 20.65� 1.39
NGC 2775 73.3� 4.1 73.3� 4.1 72.93� 7.28 118.8� 11.9 14.01� 1.45
NGC 4725 28.5� 2.9 28.5� 2.9 46.66� 2.67 218.8� 12.5 18.16� 1.21
NGC 1617 5� 0.6 5� 0.6 16.48� 0.8 421.4� 20.5 20.16� 1.51
NGC 2841 28.6� 0.9 28.6� 0.9 52.97� 1.93 212.5� 7.8 14.53� 0.71
NGC 4698 7� 0.6 7� 0.6 9.7� 0.39 100.9� 4.1 4.95� 0.38
NGC 3368 51.9� 2.7 51.9� 2.7 40.76� 4.09 131.9� 13.2 41.5� 4.52
NGC 3953 15.8� 1.5 15.8� 1.5 12.9� 1.42 86� 9.5 12.27� 1.44
NGC 4274 62.8� 0.8 62.8� 0.8 39.95� 1.09 69.6� 1.9 21.58� 0.63
NGC 7177 26.9� 1.2 26.9� 1.2 22.45� 1.82 31.2� 2.5 38.6� 3.41
NGC 7217 125.9� 6.2 125.9� 6.2 68.36� 3.76 130.7� 7.2 11.08� 0.7
NGC 7331 98.8� 15.2 98.8� 15.2 49.11� 5.17 229� 24.1 69.35� 7.59
NGC 1433 25.2� 0.9 25.2� 0.9 9.22� 0.54 24.6� 1.5 83.44� 8.17
NGC 1512 180.4� 2 180.4� 2 8.55� 0.43 26.4� 1.3 13.51� 0.79
NGC 1672 629.4� 8.4 629.4� 8.4 19.35� 0.78 60.2� 2.4 44.18� 2.9
NGC 3351 127� 0.6 127� 0.6 8.78� 1.31 30.4� 4.6 30.01� 4.68
NGC 3521 52.9� 3.9 52.9� 3.9 15.78� 1.83 86.7� 10.1 43.98� 5.27
NGC 3593 206.2� 1.2 206.2� 1.2 19.15� 3.03 17.7� 2.8 11.57� 1.88
NGC 3627 38.2� 1.8 38.2� 1.8 9.66� 1.03 58.9� 6.3 48.26� 6.3
NGC 3675 54.9� 7.9 54.9� 7.9 11.17� 1.09 56.3� 5.5 33.21� 3.76
NGC 3726 29.7� 1.4 29.7� 1.4 0.9� 0.16 42.7� 7.6 4.36� 0.78
NGC 4245 15.7� 0.3 15.7� 0.3 5.99� 0.46 23.9� 1.9 12.17� 1.13
NGC 4314 107.7� 9 107.7� 9 19.58� 2.69 37.7� 5.2 36.24� 5.67
NGC 4380 8.8� 2 8.8� 2 2.46� 0.41 20.8� 3.5 4.21� 0.81
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Table 3.4 (cont’d)

Identifier � XS � SFR�XS MXS MDisk � XS

(10−3 M � yr−1) ( M � yr−1 pc−2) (108 M � ) (108 M � ) (M � pc−2)

NGC 4394 11.6� 1 11.6� 1 6.05� 0.54 30.6� 2.7 17.41� 1.85
NGC 4448 15.7� 0.5 15.7� 0.5 6.12� 0.49 22.8� 1.8 52.05� 4.73
NGC 4457 43.9� 2.2 43.9� 2.2 11.79� 0.61 22.2� 1.1 97.81� 7.56
NGC 4569 214.6� 11.5 214.6� 11.5 22.87� 2.54 125� 13.9 38.86� 5.17
NGC 4639 4.3� 0.5 4.3� 0.5 2.8� 0.26 19.7� 1.8 20.61� 2.34
NGC 4736 44.9� 2.2 44.9� 2.2 13.09� 0.49 43.7� 1.6 177.26� 8.09
NGC 4826 127.5� 2.8 127.5� 2.8 28.85� 1.72 116.7� 7 91.2� 6.84
NGC 5055 157.9� 17.1 157.9� 17.1 22.38� 1.38 99� 6.1 11.4� 0.82
NGC 5194 166.4� 21.5 166.4� 21.5 8.85� 0.69 96.5� 7.5 19.85� 1.59
NGC 5248 292.2� 3.4 292.2� 3.4 27.17� 1.75 106.9� 6.9 27.03� 1.94
NGC 5879 65.9� 3.1 65.9� 3.1 10.38� 0.33 11.5� 0.4 4.88� 0.23
IC 342 191.3� 11.7 191.3� 11.7 0.83� 0.07 40.2� 3.4 2.07� 0.4
NGC 0628 25.1� 2 25.1� 2 2.7� 0.41 59.7� 9 5.34� 0.83
NGC 0925 85.1� 4.6 85.1� 4.6 0.54� 0.15 19.2� 5.4 0.36� 0.1
NGC 2403 27.2� 10.9 27.2� 10.9 1.6� 0.22 15.5� 2.2 2.23� 0.38
NGC 2903 242.7� 5.7 242.7� 5.7 7.68� 0.66 68.9� 6 53.45� 6.63
NGC 3184 20.1� 0.8 20.1� 0.8 0.72� 0.04 37� 1.9 5.94� 0.66
NGC 3198 39� 0.9 39� 0.9 1.84� 0.14 18� 1.4 6.55� 0.56
NGC 3769 44.5� 3.2 44.5� 3.2 1.65� 0.94 13.8� 7.9 3.19� 1.82
NGC 3938 11.6� 1.7 11.6� 1.7 1.4� 0.78 55.3� 30.7 5.35� 3.02
NGC 4136 3.7� 0.9 3.7� 0.9 0.08� 0.05 10.2� 6.5 0.69� 0.44
NGC 4303 262.3� 12.2 262.3� 12.2 22.6� 2.49 291.5� 32.1 25.45� 2.84
NGC 4321 310.4� 6.3 310.4� 6.3 14.29� 5.41 162.1� 61.4 17.05� 6.83
NGC 4414 9.4� 4.1 9.4� 4.1 6.9� 1.17 160.5� 27.2 171.7� 32.8
NGC 4559 58.9� 38.8 58.9� 38.8 7.48� 0.03 140.2� 0.6 5.49� 0.04
NGC 4580 43� 0.6 43� 0.6 0.22� 0.09 21.9� 8.7 0.15� 0.07
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Table 3.4 (cont’d)

Identifier � XS � SFR�XS MXS MDisk � XS

(10−3 M � yr−1) ( M � yr−1 pc−2) (108 M � ) (108 M � ) (M � pc−2)

NGC 5457 17.1� 2.9 17.1� 2.9 0.3� 0.01 56� 2 0.48� 0.02
NGC 6946 232.6� 16.9 232.6� 16.9 4.27� 1.07 75.5� 19 14.22� 3.58

(a) C – classical bulge; P – pseudobulge; P(I) – inactive pseudobulge; P(L) – pseudobulge in a
late-type galaxy.
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3.7 New V-band Photometry and Sérsic Fits

The method we use to calculate surface brightness profiles and Sérsic fits to thos profiles

is the same procedure as used in Fisher & Drory (2008). This same procedure is also

employed in Kormendy et al. (2009) on elliptical galaxies. Our reduction software and

procedures are discussed in great detail in these two papers. We refer interested readers to

these two papers.

We calculate JohnsonV-band magnitude zero points using the transformations in

Holtzman et al. (1995) for the WFPC2 images and Sirianni et al. (2005) for the ACS im-

ages. SDSS g and r profiles are converted to a single V-band profile for each galaxy using

the transformations in Smith et al. (2002). We use colors from Hyper-LEDA, which refer

to colors of the entire galaxies, and the galaxies in our sample most certainly have non-zero

color gradients. Therefore the absolute values of surface brightness in this paper are not

expected to be consistent to more than 0.3 mag. However, thisdoes not affect our con-

clusions which are based the structure in the profiles and noton absolute magnitude. We

check that our magnitudes are consistent with appature photometry published in the RC3

and Hyper-LEDA.

In two galaxies (M 101 and IC 342) there was not sufficient coverage in the optical

two constrain a bulge-disk decomposition. We therefore adduce 2MASSJ-band data to

extend the dynamic fitting range. We stress that we only use the fits in this paper for

bulge Sérsic index, and furthermore this Sérsic index is only used two help pseudobulge

classification. In both of these galaxies the nuclear morhology and IR activity strongly

indicate that the bulge is a pseudobulge, and the fitted Sérsic index does not conflict with

this result.

We carry out a bulge-disk decomposition on each galaxy in oursample by fitting

the following equation (Eq. 3.11) to the major axis surface brightness profiles by method of

least-squares,

I(r) = Ieexp

�
−bn � �

r
re � 1� nb

− 1� � + Id exp � r
h � (3.11)
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wherebn is a constant function ofn given in many publications (e.g. Ciotti & Bertin, 1999),

bn � 2n−
1
3

+
4

405n
+

46
25515n2 +

131
1148175n3 + O(n−4) � (3.12)

and the surface brightness of the bulge and disk are converted to magnitudes respectively

as followsmue = −2�5log(Ie) andmud = −2�5log(Id).

The decomposition is carried out on a major axis profile usingthe mean isophote

brightness. It does not take ellipticity into account during the fitting. Thus, we take the

mean ellipticity for each component and adjust the luminosity accordingly:L = (1− �
� )Lfit .

The radius of the component is defined as the radius range within which that component

dominates the light of the profile.

Bars, rings, lenses, and similar features do not conform to the smooth nature of

Eq. 1, hence we carefully exclude regions of the profile perturbed by such structures from

the fit. This is a risky procedure, as it requires selectivelyremoving data from a galaxy’s

profile, and undoubtedly has an effect on the resulting parameters. For those galaxies in

which a bar is present, it is our assumption that removing thebar from the fit provides

the best estimation of the properties of the underlying bulge and disk. If a region is not

included in a fit we show that in the figure by using open symbols. This procedure is

described extensively in Fisher & Drory (2008).
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Table 3.5. Parameters Of New Decompositions

Identifier nb
�

e
a re

�
d

a h
(V-mag arcsec−2) arcsec (V-mag arcsec−2) (arcsec)

NGC0925 1.2
�

0.2 24.3
�

0.3 23.8
�

3.5 23.6
�

0.3 101.9
�

9.5
NGC1433 0.9

�
0.1 17.8

�
0.4 5.1

�
1.0 19.8

�
0.2 48.2

�
1.8

NGC1617 2.0
�

0.2 18.8
�

0.6 5.3
�

3.2 19.4
�

0.1 33.0
�

0.6
NGC1672 1.2

�
0.1 17.7

�
0.3 4.9

�
0.8 19.5

�
0.2 36.4

�
0.8

NGC2403 1.5
�

0.6 22.6
�

1.0 48.3
�

34.9 20.2
�

0.6 127.7
�

14.0
NGC3184 1.8

�
0.5 20.1

�
1.1 4.3

�
1.2 20.5

�
0.3 71.2

�
6.1

NGC3675 3.2
�

0.6 21.1
�

0.7 30.9
�

21.1 19.7
�

0.4 43.4
�

4.0
NGC3726 1.9

�
0.3 20.8

�
0.8 7.4

�
5.6 20.4

�
0.2 46.2

�
1.0

NGC3769 0.5
�

0.1 19.8
�

0.2 2.6
�

0.2 19.4
�

0.1 20.9
�

0.2
NGC3938 1.7

�
0.3 20.8

�
0.7 8.0

�
2.7 20.4

�
0.2 44.7

�
1.3

NGC3953 2.7
�

0.4 20.7
�

1.1 13.0
�

10.4 20.1
�

0.2 46.3
�

0.9
NGC4136 0.6

�
0.6 20.3

�
1.7 2.0

�
0.6 20.5

�
0.2 27.6

�
0.7

NGC4303 1.0
�

0.1 17.8
�

0.5 2.8
�

0.7 19.8
�

0.1 40.7
�

0.7
NGC4321 0.5

�
0.1 18.7

�
0.2 7.7

�
0.5 20.2

�
0.1 62.7

�
1.3

NGC4414 2.7
�

0.4 17.8
�

0.9 3.9
�

1.4 18.4
�

0.2 26.4
�

0.8
NGC4450 3.7

�
0.3 20.8

�
0.8 18.1

�
9.2 20.2

�
0.3 50.4

�
1.9

NGC4457 1.7
�

0.5 17.9
�

1.7 4.5
�

2.1 19.9
�

0.8 26.7
�

3.6
NGC4559 1.9

�
0.8 22.6

�
1.4 33.8

�
28.8 19.9

�
0.3 69.4

�
3.4

NGC4580 1.6
�

0.6 21.4
�

2.3 3.3
�

6.0 19.9
�

0.2 18.5
�

0.4
NGC5457 1.8

�
0.5 20.7

�
1.2 11.9

�
5.5 20.3

�
0.2 102.5

�
2.6
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NGC 0925 NGC 1433

NGC 1617 NGC 1672

NGC 1433

NGC 2403 NGC 3184

NGC 3675

log(r/arcsec)

NGC 3726

log(r/arcsec)

Figure 3.13 Above we show new V-band Sérsic fits in this paper.Open symbols represent
surface brightness isophotes; the filled symbols indicateddata elements included in the
Sérsic decomposition. The black lines indicate the fitted function for each galaxy.
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NGC 3769 NGC 3938

NGC 3953 NGC 4136

NGC 4303 NGC 4321

NGC 4414

log(r/arcsec)

NGC 4450

log(r/arcsec)

Figure 3.13 Above we show new V-band Sérsic fits in this paper.Open symbols represent
surface brightness isophotes; the filled symbols indicateddata elements included in the
Sérsic decomposition. The black lines indicate the fitted function for each galaxy.
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NGC 4457 NGC 4559

NGC 4580 NGC 5457

NGC 7331

log(r/arcsec)

IC 342

log(r/arcsec)

Figure 3.13 Above we show new V-band Sérsic fits in this paper.Open symbols represent
surface brightness isophotes; the filled symbols indicateddata elements included in the
Sérsic decomposition. The black lines indicate the fitted function for each galaxy.
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Table 3.5 (cont’d)

Identifier nb
�

e
a re

�
d

a h
(V-mag arcsec−2) arcsec (V-mag arcsec−2) (arcsec)

NGC7331 4.5
�

0.5 20.7
�

0.9 24.4
�

9.5 20.0
�

0.5 66.3
�

4.8
IC0342 1.9

�
0.4 21.6

�
1.3 21.1

�
22.0 21.9

�
0.2 189.7

�
9.3

aWe are only interested in Sérsic index. Thus magnitudes havenot been corrected for Galactic
extinction.

bData Source References are as follows: 1–HST Archive; 2–Kennicutt et al. (2003); 3–
Abazajian & Sloan Digital Sky Survey (2008); 4–Hameed & Devereux (1999); 5–Kuchinski
et al. (2000); 6–Larsen & Richtler (1999); 7–Knapen et al. (2004); 8–Frei et al. (1996); 9–Cheng
et al. (1997); 10–Koopmann et al. (2001); 11–Eskridge et al.(2000); 12 – Skrutskie et al. (2006);
13 –Tully & Fisher (1988a).
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Chapter 4

The Structure of Classical Bulges

And Pseudobulges: The Link

Between Pseudobulges And Sérsic

Index1

It seems plausible that the light distribution be similar tothat of a disk, since so many other

of the properties of pseudobulges are similar to those of galactic disks. Courteau et al.

(1996b) use bulge-disk decompositions of 243 galaxies to show that the 85% of bulges in

Sb-Sc galaxies are better fit by the double exponential than cuspierr1� 4 models. Thus,

the common conclusion is that pseudobulges are marked by near exponential Sérsic index

(KK04). Scarlata et al. (2004) shows with STIS acquisition images that bulges with surface

brightness profiles more resembling exponential profiles are more likely to have disk-like

morphology (e.g. spiral arms), yet there is significant scatter to this claim, in their sample.

They go on to show that the distribution of central slopes of surface brightness profiles of

1This chapter has been published as Fisher & Drory 2008 AJ 136,773.
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the bulges in their sample is bimodal when plotted against absolute magnitude.

It is yet unknown where pseudobulges should lie in other parameter correlations,

such as fundamental plane projections. We do not expect thatpseudobulges occupy a signif-

icantly different location than classical bulges in fundamental plane parameter space, since

the fundamental plane is not known to be bimodal. Many studies of the locations of bulges

in structural parameter space exist (e.g. Bender et al., 1992; Graham, 2001; MacArthur

et al., 2003; de Jong et al., 2004; Thomas & Davies, 2006), andno significant bimodal be-

havior is noticed. Carollo (1999) remarks, though, that pseudobulges deviate more from the

�
e − re relation (Kormendy, 1977). We will investigate this further in this paper. Kormendy

(1993) shows that the majority of bulges are rounder than theouter parts of the disks they

reside in, yet a significant minority are as flat as their associated outer disk. A few bulges

are even flatter than their outer disk. This behavior correlates with Hubble type; bulges in

later type galaxies have flattening more similar to that of the associated outer disk. Fathi &

Peletier (2003) carried out bulge-disk decompositions of 70 galaxies on higher-resolution

data finding a similar result.

As discussed in KK04, pseudobulges are characterized principally by having less

random motion per unit stellar light. They are rotation-dominated systems (Kormendy,

1993; Kormendy & Kennicutt, 2004). Thus it makes sense that they be flatter. The relative

flatness of a bulge to its associated outer disk has also been suggested as a pseudobulge

indicator (KK04). We will test this hypothesis in this paperby comparing the flatness

of bulges with disk like morphologies to that of bulges with morphologies like those of

elliptical galaxies.

The properties of pseudobulges are in stark contrast to the expected end result of

the conventional major-merging process; one does not expect violent relaxation to produce

spiral structure and dynamics that is dominated by ordered motion. Further scenarions for

the formation of bulges have been suggested. Clump instabilities in disks at high redshift

can form bulge-like structures in simulations (Noguchi, 1999). It is also plausible that gas
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rich accretion could form dynamically cold bulges. Slow evolution of disks can drive gas

and stars to the center of a disk galaxy as well. The population of bulges as a whole and

any one particular bulge may be the result of more than one of these processes.

However, the connections between bulge and disk stellar populations (Peletier &

Balcells, 1996; MacArthur et al., 2004), inter-stellar medium (Regan et al., 2001; Fisher,

2006b) and scale lengths (Courteau et al., 1996b) may suggest that pseudobulges form

through processes intimately linked to their host disks. Furthermore, Drory & Fisher (2007)

find that classical bulges occur in red-sequence galaxies and pseudobulges occur in blue

cloud galaxies. Kormendy & Kennicutt (2004) reviews the case that pseudobulges are not

the result of major mergers, but rather that slow disk-evolutionmay be responsible for them.

However, that bulges can form out of the slow evolution of a disk is not a new idea; see, for

example, Hohl (1975).

Simulations suggest that if disk galaxies do not experiencemajor mergers, they may

evolve by redistribution of energy and angular momentum driven by non-axisymmetries

such as bars, ovals, and spiral structure (Simkin et al., 1980; Pfenniger & Friedli, 1991;

Debattista et al., 2004), resulting in star formation and bulge-like stellar densities, thus

forming pseudobulges. Indeed, a correlation between central star formation rate and the

presence of bars and ovals has been detected (e.g. Sheth et al., 2005; Jogee et al., 2005;

Fisher, 2006b). Also, Peeples & Martini (2006) find that galaxies with nuclear rings and/or

nuclear spirals are more strongly barred. Thus we also investigate the possible connection

between driving mechanisms and structural properties.

It is, thus, possible that the absence of a classical bulge ina galaxy indicates that

the galaxy has not experienced a major merger since the formation of the disk. In this

context, pseudobulges may be thought of as more similar to pure disk galaxies that have a

surface brightness profile which breaks from the outer exponential profile to a more steep

inner surface brightness profile. Though the frequency of pseudobulges has not yet been

robustly calculated, if they are common then this implies that many disk galaxies did not
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Figure 4.1 The distribution of absolute magnitude (left), distance modulus (middle), and
Hubble Type (right) for all 77 galaxies in our sample.

suffer major mergers since their formation.

This paper is organized as follows. In § 2 we present the observational data we use,

and we discuss the surface brightness fitting procedure. In §3 we present results on the

location of pseudobulges and classical bulges in various structural parameter correlations.

In § 4 we discuss the flatness of pseudobulges and classical bulges. In § 5, we discuss

behavior of different bulge morphologies (nuclear bars, nuclear spirals, and nuclear rings)

in various parameter correlations. In § 6 we summarize and discuss these results. Finally,

the appendix includes an image of each galaxy, all decompositions and a discussion of the

robustness of our decomposition and fitting procedure.

4.1 Methods and Observations

4.1.1 The Sample

The aim of this work is to establish whether or not pseudobulges – recognized by the pres-

ence of disk-like morphological features as motivated and discussed in KK04 – can be

distinguished from classical bulges simply by structural features in their surface brightness

profiles, most prominently their profile shape. Thus we ask whether bulges that contain
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disk-like morphologies (pseudobulges) have lower Sérsic index and higher flattening ratios

than bulges with elliptical-like morphologies (classicalbulges). Answering this question

requires high resolution imaging (preferably in the optical bands) to detect the nuclear spi-

rals, bars, and rings; and we need surface brightness profiles with large dynamic range in

radius to accurately determine the parameters in Eq. 1 for a bulge-disk decomposition.

We choose galaxies observable from the northern hemispherethat have data in the

Hubble Space Telescope(HST) archive. We limit our selection to galaxies closer than

� 40 Mpc to resolve features in the bulge.

The link between non-axisymmetries (barred and oval distortions) and secular evo-

lution motivates us to create a sample containing roughly equal numbers of galaxies with

a driving agent (galaxies with a bar and/or an oval) and galaxies without a driving agent.

Detection of oval distortions are discussed in Kormendy (1982). They are identified by

nested shelves in the surface brightness profile usually having different position angles. We

identify bars by consulting the Carnegie Atlas of Galaxies (Sandage & Bedke, 1994) and

the RC3 (de Vaucouleurs et al., 1991). If a galaxy has both a bar and an oval, we call that

galaxy barred. Additionally, we look for bars and ovals in all galaxies using K-band images

from 2MASS (Skrutskie et al., 2006). Note that we do not distinguish grand design spirals

as a possible secular driver, though they may be able to generate a similar but less extreme

effect as bars do (KK04). We use 39 undriven (no bar and no oval) galaxies and 38 driven

galaxies (30 barred and 8 ovaled), a total of 77 galaxies.

In Fig. 4.1 we show the distribution of global properties of the galaxies in our sam-

ple; these are also listed in Table 1. The distribution of thedistances of the galaxies in our

sample is heavily peaked at 16 Mpc due to the Virgo cluster andhas a standard deviation

of 6 Mpc. We derive total magnitudes by 2D integration of our surface brightness profiles.

The distribution of absolute V magnitudes ranges mostly from -19 to -22 with a median

value of -20.5.

KK04 compiles data from several different studies to generate preliminary statistics
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on how the frequency of pseudobulges varies along the HubbleSequence. They suggest

that both pseudobulges and classical bulges exist at intermediate Hubble Types (S0 to Sbc).

There appears to be a transition from classical bulges beingmore frequent at early types

(S0-Sb) to pseudobulges being more frequent at later types (Sbc - Sd). They further suggest

that classical bulges will be almost non-existent at Hubbletypes Sc and later. In the right

panel of Fig. 4.1, we show the distribution of Hubble Types (taken from Sandage & Bedke,

1994) of the galaxies in our sample. To test for differences between pseudobulges and

classical bulges we choose to sample the range of Hubble typefrom S0 to Sc. If we combine

this with our choice of evenly sampling driven and undriven galaxies, we expect that our

sample should overemphasize pseudobulges. The distributionof Hubble types is as follows:

13 S0, 2 S0a, 18 Sa, 6 Sab, 20 Sb, 11 Sbc, 9 Sc. We will also use 24 Etype galaxies from

Kormendy et al. (2009) as early-type sample in some parameter correlations.

4.1.2 Identification of pseudobulges

We define “bulges” photometrically, as excess light over theinward extrapolation of the

surface brightness profile of the outer disk. The region of the galaxy where this excess light

dominates the profile is the bulge region. We classify galaxies as having a pseudobulge by

their morphology within this bulge region; if the bulge is orcontains any of the following

features: a nuclear bar, a nuclear spiral, and/or a nuclear ring, then the bulge is called a

pseudobulge. Conversely, if the bulge better resembles an elliptical galaxy (relatively fea-

tureless isophotes), then the bulge is called a classical bulge. This method is discussed in

KK04. The existence/absence of visibly identifiable disk-like structure in a bulge correlates

with properties of the bulge and the whole galaxy. The same method is shown to be suc-

cessful in identifying bulges with higher specific star formation rates (Fisher, 2006b) and

globally bluer galaxies (Drory & Fisher, 2007).

Fig. 4.2 shows high-resolutionHST images of the bulge region of all galaxies in

our sample. All images are taken in close-toV band filters. Note first that classical bulges
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Figure 4.2 High-resolutionHSTimages of all bulges in our sample. The images are scaled
logarithmically, and the range of shown intensities is chosen to emphasize those features
which motivate the bulge classification. For all galaxies wegive the galaxy name, imaging
instrument used, filter, and the classification. We label bulges classified as classical by ’c’
and pseudobulges by ’p’. The images show the inner 40 arcsec (ACS), 36 arcsec (PC2), and
80 arcsec (WF2) of the galaxies.
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(for example NGC 1398, NGC 2775, NGC 2880, and NGC 3115, all inthe rightmost

column of the first page of the figure) have a smooth stellar light profile. There is no

reason evident in the images to think that any of these galaxies harbor a pseudobulge. The

bulges fit the description of E-type galaxies. On the other hand, NGC 4030 shows a face-

on nuclear spiral (bottom row on the second page). The spiraldominates the radial profile

for more than a kiloparsec. NGC 4736 (fourth page, second row) also has a nuclear spiral

pattern but also has a nuclear bar; note how the spiral arms seem pinched vertically in the

image. Moellenhoff et al. (1995) study this nuclear bar in more detail using dynamical

modeling. NGC 4371 (third page, middle row) is an S0 galaxy with at least one nuclear

bar. NGC 3351 (second page, third row) has a prominent nuclear ring that heavily distorts

the surface brightness profile (see Fig. 4.4); this nuclear ring is quite well known (Sandage,

1961). The bulge of NGC 2903 (first page, bottom row) shows a chaotic nuclear region;

it appears nearly spiral but is not regular enough over a significant radial range to call it a

nuclear spiral.

In this paper we classify bulges with near-V-band images (F547M, F555W, &

F606W). Thus our method is subject to the effects of dust obscuration. However, the struc-

tures used to identify pseudobulges are usually experiencing enhanced star formation rates

(Fisher, 2006b). Pseudobulges are, therefore, easier to detect in the optical band passes

where the mass-to-light ratios are more affected by young stellar populations, rather than in

the near infrared where the effects of dust are less pronounced. It is important to note that

classical bulges may have dust in their center, as do many elliptical galaxies (Lauer et al.,

2005). In fact, many classical bulges shown in Fig. 4.2 have some dust lanes in their bulges.

The presence of dust alone is not enough to classify a galaxy as containing a pseudobulge;

instead, it must be of a disk-like nature.
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Figure 4.3 Comparison of structural parameters (r0&nb) derived from bulge-disk decompo-
sitions in theH-band to those in theV-band. The identity relation is marked by the dashed
line.

4.1.3 Data Sources and Surface Photometry

As stated in the introduction, the Sérsic function providesbetter fits and more information

over two-parameter fitting functions describing surface brightness profiles of bulges and

elliptical galaxies. However, this information comes at the price of more detailed observa-

tions. Saglia et al. (1997) shows that replacing anr1� 4-model with a Sérsic model makes

little difference in residuals, unless one has data with high dynamic range in radius. Fur-

ther, the coupling between parameters in the Sérsic function can be quite high (Graham &

Colless, 1997). Thus again, it is necessary to fit the decomposition (Eq. 1) to large radial

range in order to minimize these degeneracies. For each galaxy we therefore combine mul-

tiple data sources together: high-resolution HST imaging in the center, and ground based

wide-field images covering the outer disk. Comments on data sources follow. Table 1 lists

the sources of data used for each galaxy.

All profiles contain HST data sources. PC2 data has a small field-of-view (� 18 �
18 arcsec2); thus, it is critical to supplement PC2 data with wide field data. ACS/WFC has

proven to be an excellent instrument for obtaining large radial fitting range. It provides a
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reasonable sized field-of-view (� 100� 100 arcsec2) at high spatial resolution (0.049 arcsec

pixel−1).

For as many galaxies as possible we obtain wide field images from the Prime-Focus-

Camera on the McDonald 0.8 m telescope. This instrument provides a large unvignetted

field of view (45� 45 arcmin2), and a single CCD detector. Therefore, we can more ac-

curately carry out sky-subtraction. These data generally are the deepest. We also include

images from the Sloan Digital Sky Survey (Adelman-McCarthyet al., 2006), 2Micron All

Sky Survey (2MASS) and the Isaac Newton Group (ING) Archive.Individual data sources

are noted in Table 1.

All raw data (McDonald 0.8 m & ING data) are bias-subtracted,flat-fielded, and

illumination corrected. We subtract the sky background by fitting a plane to a smoothed

version of the image where the galaxy and bright stars have been removed.

We calculate JohnsonV-band magnitude zero points using the transformations in

Holtzman et al. (1995) for the WFPC2 images and Sirianni et al. (2005) for the ACS images.

SDSS g and r profiles are converted to a single V-band profile for each galaxy using the

transformations in Smith et al. (2002). Other profiles are simply shifted to match in surface

brightness. These transformations are derived on galacticdisk stars, not galaxies. Further,

the calculations require color information. We use colors from Hyper-LEDA, which refer

to colors of the entire galaxies, and the galaxies in our sample most certainly have non-

zero color gradients. Therefore the absolute values of surface brightness in this paper are

not expected to be consistent to more than 0.3 mag. However, this does not affect our

conclusions which are based the structure in the profiles andnot on absolute magnitude.

We check that our total magnitudes are consistent with thosepublished in the RC3 and

Hyper-LEDA.

We use the isophote fitting routine of Bender & Moellenhoff (1987). We identify

and mask interfering foreground objects in each image. Thenwe fit ellipses to isophotes

by least squares. Here, isophotes are sampled by 256 points equally spaced in an angle�
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Figure 4.4 We show four example decompositions, spanning the range of the types of pro-
files that we find in the galaxies investigated in this paper. All data are plotted againstr1� 4 as
this projection emphasizes deviations from the fit better than log(r), and shows the central
regions better than plotting against linear radius would. For each galaxy we show a profile
(black dots) of (from bottom to top panel) V band surface brightness; residual profile of
the data minus−2�5logI(r), whereI(r) is the fit of the data to Eq. 1; and ellipticity profile,
where � = 1− b� a, andb� a is the axial ratio of the galaxy. In the bottom panel we also
show the decomposition: the inner Sérsic profile and the outer exponential profile as black
lines. The vertical hatches on the profile indicate the boundaries of the regions included in
the fit, the bottom caption also notes the total range of the fit. Excluded data regions are
marked by open symbols, fitted regions by closed symbols. Thecaption gives the galaxy
name, the Hubble type, the total absolute magnitude, the Sérsic index of the bulge and the
root-mean-squared deviation of the fit to the fit region of thedata.
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relating to polar angle by tan� = (a� b) tan� , where� is the polar angle andb� a is the axial

ratio. The software determines six parameters for each ellipse: relative surface brightness,

center position, major and minor axis lengths, and positionangle along the major axis.

4.1.4 Bulge-Disk Decomposition

We carry out a bulge-disk decomposition on each galaxy in oursample by fitting Eq. 1 to the

major axis surface brightness profiles. Our decomposition code is also used by Kormendy

et al. (2009) to fit S0 and E-type galaxies with the disk component “turned off”. The average

root-mean-square deviation is� 0�09
�

0�03 mag arcsec−2. The largest deviation of any of

the data from its fitted profile is 0�18 mag arcsec−2.

The parameters determined in bulge-disk decomposition with a Sérsic model bulge

are coupled. MacArthur et al. (2003) shows that if the bulge is sufficiently large and the

resolution is sufficiently small, initial parameter estimates do not affect the final fit too

much. For the most part, this is true. Yet, our experience is that initial parameter estimates

may still affect the resulting fit. For each galaxy, we begin with a large parameter range

that is symmetric about the initial guess. Then we re-fit the galaxy iteratively adjusting the

range of allowed parameters to be narrower. This results in slight changes of best-fit values

with lower � 2 than without this iteration. The details of each profile are used to decide the

width of available parameter space each parameter is given.Typically the available range

for nb is � nb � 2− 3.

The decomposition is carried out on a major axis profile usingthe mean isophote

brightness. It does not take ellipticity into account during the fitting. However, these galax-

ies are known to have varying ellipticity profiles (Kormendy, 1993; Fathi & Peletier, 2003).

Thus, we take the mean ellipticity for each component and adjust the luminosity accord-

ingly: L = (1− �
� )Lfit . The radius of the component is defined as the radius range within

which that component dominates the light of the profile. We also adjust all magnitude de-

pendent quantities (luminosity and surface brightness) for Galactic reddening according to
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Schlegel et al. (1998). We use the distances of Tully & Fisher(1988b). We do not make

any corrections for extinction within the galaxies being studied.

We carry out the bulge-disk decompositions in theV band. This ensures that our

results will remain applicable to large surveys commonly done in the optical bands (e.g.

SDSS). However, the radial variation in age and metallicitythat exists within galaxies may

bias the parameters of bulge-disk decomposition. Carollo et al. (2002) shows that the cen-

ters of intermediate type galaxies contain significant structure inV − I color maps, and this

variation occurs on scales smaller than the bulge. Thus, there is doubt as to whether the

parameters derived on profiles in the middle optical band passes truly reflect the properties

of the stellar mass distribution.

It is beyond the scope of this paper to investigate the correlations of colors with

Sérsic parameters. Yet, as a check of the stability of structural quantities compared to color

gradients, we carry out bulge-disk decompositions on all galaxies in our sample that have

archival NICMOS images in the filterF160W (H band). We supplement those data with

ground-based wide-field data. For this purpose we use mainly2MASS data and any H-band

data available in NED. We then compare the fit parameters inV to those inH. The results

are shown in Fig. 4.3. In those parameters which do not dependon magnitude (r0 andnb)

there is little difference. The average difference is� V−H nb � −0�03, and� V−H log(r0) � 0�07.

This is similar to the results of other papers that have done decompositions at multiple

wavelengths (e.g. Graham, 2001; MacArthur et al., 2003).

In Fig. 4.4 we show four examples of our photometry and the bulge-disk decom-

positions. For each galaxy we show an ellipticity profile, a residual profile, and a surface

brightness profile along with the decomposition determinedby fitting Eq. 1 to the galaxy’s

surface brightness profile. These examples are selected to show the range in typical profiles

in this paper. The entire sample of fits is shown in the appendix.

The top two panels of Fig. 4.4 shows two galaxies (NGC 3031, left panel; NGC 3169,

right panel) that are well described by an inner Sérsic function and an outer exponential
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disk. In both profiles the fit covers a dynamic range of� 12 mag arcsec−2. NGC 3031 is

well fit (RMS=0.06 mag arcsec−2) by Eq. 1 over� log(r � arcsec) = 3�3 and NGC 3169 for

� log(r � arcsec) = 2�51. Deviations are small, and there is little-to-no substructure evident

in these profiles. Note that each bulge has a nuclear excess oflight over the inward ex-

trapolation of the fit, and that this nucleus is excluded fromthe fit (vertical hatches indicate

beginning and end of fit range and excluded data points are marked by open symbols).

Despite its successes, the Sérsic bulge plus outer exponential disk model of bulge-

disk galaxies does not account for many features of galaxy surface brightness profiles. Disks

of intermediate type galaxies commonly have features such as bars, rings, and lenses (see

Kormendy, 1982 for a description of these). Further, Carollo et al. (2002) shows that many

bulges of early and intermediate type galaxies contain nuclei. The bottom panels of Fig. 4.4

shows two such examples of galaxy profiles with significant deviations from the fitted de-

compositions. NGC 4448 (bottom left) is an example of a barred galaxy in which the bar

is an especially prominent perturbation to the outer exponential surface brightness profile.

NGC 3351 (bottom right) is an example of a complicated surface brightness profile, with

multiple substructures that are not well described by the smooth nature of the bulge-disk

model used here. This galaxy contains a nuclear ring near� 4 arcsec, and a bar from about

20 to 80 arcsec. These galaxies are not well described by Eq. 1, yet we do our best to

decompose as many galaxies as possible.

Bars, rings, lenses, and similar features do not conform to the smooth nature of

Eq. 1, hence we carefully exclude regions of the profile perturbed by such structures from

the fit. This is a risky procedure, as it requires selectivelyremoving data from a galaxy’s

profile, and undoubtedly has an effect on the resulting parameters. We are often helped to

identify bars by the structure of the ellipticity profile. Notice the the peak in ellipticity near

50 arcsec in NGC 3351. We try to err on the side of removing the fewest points possible.

For those galaxies in which a bar is present, it is our assumption that removing the bar from

the fit provides the best estimation of the properties of the underlying bulge and disk. We
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test our method by removing a typical number of points from a few galaxies with smooth

profiles (NGC 2841, NGC 1425, NGC 4203, & NGC 1325). The resultis that Sérsic index

can vary as much as� nb � 0�5, and characteristic radius by� log(r0) � 0 �5. The variance

of these two parameters is tightly coupled and this is reflected by the uncertainty. Central

surface brightness was mostly unaffected. If a region is notincluded in a fit we show that

in the figure by using open symbols. A detailed discussion of the effects of bars and other

features on the surface brightness profiles is given in the appendix.

4.2 Structural Properties Of Pseudobulges And Classical Bulges

4.2.1 Bulge Prominence Of Classical & Pseudobulges Along The Hubble Se-

quence

The primary distinction between most previous studies and this one is that we do not treat

bulges as an homogeneous set of objects. Here, we report on how morphologically identi-

fied pseudobulges and classical bulges, taken to be distinctentities, behave in the parame-

ters obtained from bulge-disk decomposition. Further we wish to know if the Sérsic index

is able to distinguish these two separate bulge types as has been suggested by many authors

and not yet systematically tested.

Fig 4.5 shows how the bulge-to-total ratio (luminosity of the bulge, divided by total

luminosity of the fit; hereafterB� T), and the ratio of the bulge half-light radius (re) to the

scale-length of the outer disk (h) both correlate with Hubble type. We calculate the effective

radius as

re = (bn)
nr0 � (4.1)

wherebn is a proportionality constant whose expansion given in MacArthur et al. (2003). In

all figures red circles represent classical bulges and blue crosses represent pseudobulges. In

fig 4.5, the connected black squares show the average for eachHubble type. There are only

two S0/a (T=0) galaxies; thus the dip in the average ofB� T could merely be small number
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Figure 4.5 The bulge-to-total ratio,B� T, top, and the ratio of the effective radius to the
disk scale length,re� h, bottom, of classical bulges (red circles) and pseudobulges (blue x’s)
plotted against Hubble types. The black squares, connectedby the black line, represents the
average for all bulges (both pseudo- and classical) in each type.
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Figure 4.6 Histogram of log(B� T) (left) andre� h (right). Bin spacing is� log(B� T) = 0�25
and� (re� h) = 0�05. Blue lines represent pseudobulges and red lines are for classical bulges.

statistics. Also, a few of the Sc (T=5) galaxies are not showndue to their very smallB� T.

As shown in the top panel of Fig. 4.5, bulge-to-total ratio isa decreasing function

of Hubble type. This is not surprising asB� T is part of the original classification criteria.

This behavior has been found by many authors, for a detailed study see Graham (2001).

This at least confirms that our decomposition method is sound, and able to recover the well

established correlation.

Pseudobulges and classical bulges overlap in range of bulgeprominence, shown

in the left panel of Fig. 4.6. The average classical bulge has� B� T � = 0�41. The width

of the distribution is 0.22. The average pseudobulge has� B� T � = 0�16. The width of the

distribution is 0.11. Pseudobulges are on average smaller fractions of the total luminosity

of the galaxy in which they reside, yet there is significant overlap (see also Drory & Fisher,

2007). This is no surprise, we would expect pseudobulges to be smaller as they are thought

to be products of secular evolution of the disk; hence their luminosity is expected to be

limited to some fraction of the luminosity of the disk. On theother hand, classical bulges
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form independently of their disk, presumably through majormergers. The full range values

of B� T is therefore possible.

NGC 2950 is a pseudobulge withB� T = 0�51. It is hard to believe that secular evo-

lution can drive half of the stellar mass into the central region of a galaxy. This galaxy is

an SB0 with a prominent nuclear bar and nuclear ring, also noticed by Erwin & Sparke

(2003). Thus, by our definition it is a good pseudobulge candidate. The next most promi-

nent pseudobulge hasB� T = 0�35; NGC 2950 is more than one standard deviation away

in the distribution of pseudobulgeB� T from the next most prominent pseudobulge. We

feel that NGC 2950 is an exceptional case, and should not be taken as a normal pseudob-

ulge. That it is an S0 galaxy strengthens this interpretation. The unusually largeB� T may

be a result of the processes which made the galaxy S0 (for example gas stripping by ram

pressure and/or harassment; see Moore et al., 1996), ratherthan secular evolution. Also,

our analysis may be an over simplification of the population of bulges, in that composite

systems (“bulges” with both a pseudobulge and a classical bulge) may exists. This could

artificially increase theB� T ratio.

Courteau et al. (1996b) show that the ratio of scale lengths for galaxies when fitted

with a double exponential (bulge and disk) is tightly coupled. MacArthur et al. (2003) find,

with fits to Sérsic plus outer exponential profiles in galaxies spanning Hubble type Sab to

Sd, that the coupling is� re� h� = 0�22
�

0�09, and that the ratio becomes smaller toward

later Hubble types (see also lower panel of Fig. 4.5). It appears that the correlation ofre� h

with Hubble type may be driven primarily by the number of classical bulges in each Hubble

type; this statement is very uncertain due to small numbers in each Hubble type, though.

The right panel of Fig. 4.6 shows the distribution ofre� h for the galaxies in our

sample (red lines are for classical bulges and blue lines represent the distribution of pseu-

dobulges). We find that� re� h� = 0�28
�

0�28 for all galaxies in our sample, and thatre� h

decreases toward later Hubble types. The average is higher and the scatter is larger than in

MacArthur et al. (2003), most likely because our sample targets earlier-type galaxies. Con-
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sidering bulge types separately, we find that for pseudobulges� re� h� = 0�21
�

0�10, and for

classical bulges� re� h� = 0�45
�

0�28. The distribution ofre� h for pseudobulges is clearly

much narrower than that of the classical bulges. Furthermore, re andh do not appear to be

correlated in classical bulges.

Our finding that the half-light radius of pseudobulges is well correlated with the

scale length of the outer disk, while the scale length of classical bulges is not correlated

with that of the disk is consistent with the interpretation thatre
� h is due to a secular for-

mation of pseudobulges. However, inspection of Fig. 4.6 shows that the range ofre� h over

which we find classical bulges is large and overlaps with the pseudobulges significantly.

Thus,re� h may not be a good diagnostic tool for identifying pseudobulges and classical

bulges; however the finding that the scale length of the disk is correlated with the size of its

pseudobulge but not correlated with classical bulges is a strong indication that there indeed

is a physical difference between the formation mechanisms of different bulge types.

4.2.2 The Sérsic Index In Bulges

Figure 4.7 shows the correlation of bulge properties with the shape of the surface brightness

profile measured by the Sérsic index,nb, of those bulges. We find that no classical bulge has

Sérsic index less than two, and very few pseudobulges (� 10%) have Sérsic index greater

than 2. The correlations of Sérsic index with other structural properties (re,
�

e, andMv)

appear to be different for pseudobulges and classical bulges. This suggests that the Sérsic

index may be used to distinguish pseudobulges from classical bulges.

The top panel of Fig. 4.7 shows the correlation of Sérsic index with absoluteV-band

bulge magnitude for pseudobulges, classical bulges, and elliptical galaxies. Classical bulges

fit well within the correlation set by elliptical galaxies. They cover a range of Sérsic index

from nb � 2− 4�5, and their absolute magnitude covers the rangeMV � −17�5 to −21. No-

tice that the Sérsic index of classical bulges is normally smaller thann = 4, suggesting their

similarity to the low-luminosity ellipticals discussed byKormendy et al. (2009). Classical
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Figure 4.7 Correlation of the absolute magnitude (MV ), half-light radius (re), and surface
brightness at the half-light radius (�

e) of bulges with bulge Sérsic index. Pseudobulges
are represented as blue crosses, classical bulges as red circles. We also show elliptical
galaxies from Kormendy et al. (2009) for comparison, represented by black filled circles.
The average uncertainty of the parameters of all bulges is represented by the error bars in
the bottom right corner of each panel.
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Figure 4.8 Residuals of pseudobulges (crosses), classicalbulges (open circles), and ellip-
tical galaxies (closed circles) from a fit to the elliptical galaxies given by log(re� kpc) =
2 �9log(nb)− 1 �2.
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bulges, yet again, resemble little elliptical galaxies that happen to be surrounded by a disk.

The mean pseudobulge absolute magnitude is� 1�2 magnitudes fainter than the average

classical bulge magnitude, and the faintest bulges are all pseudobulges. Yet, pseudobulges

do no have to be faint: classical bulges are not much brighterthan the brightest pseudob-

ulges. Our data cannot show if the brightest pseudobulges are bright because of the nature

of their stellar population, or because of greater stellar mass. Nonetheless, pseudobulges

are not merely a change in observed properties at low magnitude. Finally, we note that the

overall shape of theMV − n correlation for the super-set of systems represented in Fig. 4.7

is similar to those found in previous studies, (Graham, 2001; Balcells et al., 2003; de Jong

et al., 2004).

The bottom two panels of Fig. 4.7 show the correlation of Sérsic index with the half-

light quantities (radius containing half the light,re, and surface brightness at that radius,�
e)

of pseudobulges, classical, bulges, and elliptical galaxies. The results are similar to those

in theMV −n plane. Classical bulges exist within the bounds set by elliptical galaxies, more

specifically by low-luminosity ellipticals. Pseudobulges, on the other hand, populate the

smalln extreme of this correlation. The smallest objects, in radius, are pseudobulges. Yet,

pseudobulges in general are not that much smaller on averagethan classical bulges and

low-luminosity ellipticals: the mean effective radius of pseudobulges lies within the range

of effective radii spanned by the classical bulges and elliptical galaxies.

To more strongly emphasize the difference between pseudobulges from classical

bulges and ellipticals (hot stellar systems), we show the residuals of all galaxies to the Caon

et al. (1994) relationre
� log(nb) in Fig. 4.8. We fit this correlation to the elliptical galax-

ies only, and the resulting relation is log(re� kpc) = 2�9log(nb) − 1 �2. E-type galaxies and

classical bulges have similar amounts of scatter. Pseudobulges show a marked difference

and systematically deviate further from the correlation asnb gets smaller whereas the scat-

ter among classical bulges is contained within the region occupied by ellipticals. Thus it

appears that pseudobulges do not relatenb to re in the same way as elliptical galaxies and

105



Figure 4.9 Histograms of bulge Sérsic index, log(nb), by bulge type. The top panel shows
the histogram of all objects. The bottom panel shows pseudobulges (blue lines with mode
log(nb) � 0�22) and classical bulges + elliptical galaxies (red lines, mode log(nb) � 0�54).
We also overplot Gaussian distributions that fit the histograms. Histograms are normalized
by the total number of galaxies in each group, so that each binreflects the frequency of
Sérsic index within that object class.
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classical bulges do. It is not clear from the bottom panel of Fig. 4.7 whether Sérsic index

correlates at all with effective radius for pseudobulges.

Inspection of Fig. 4.7 shows that pseudobulges and classical bulges have separate

distributions of bulge Sérsic index; the value that distinguishes the two types of bulges ap-

pears to benb � 2� Pseudobulges have Sérsic index smaller thannb � 2; classical bulges

have larger values thannb � 2. We show this explicitly in Fig. 4.9 which shows the dis-

tributions of log(nb) for pseudobulges (blue lines) and the superset of classical bulges and

elliptical galaxies (red lines), both binned to� log(nb) = 0�03. We also show a histogram of

all objects (pseudobulges, classical bulges, and elliptical galaxies) counted together. Each

histogram is normalized by the number of objects in that group, so that the counts reflect

the frequency of Sérsic index within each class. Before discussing these distributions any

further, we must strongly qualify this result. The sample studied in this paper is in no

way complete. Thus, the relative abundance of pseudobulgesand classical bulges cannot

be determined from this distribution. However, we wish to study the distribution of Sérsic

indices in different bulge types. We do the best we can with the data we have at present;

when relevant, we attempt to point out how our sample selection may bias results. We note

that distributions of bulge Sérsic indices in volume limited samples have been shown to

be bimodal (Allen et al., 2006). We present any numbers derived from analysis of these

distributions as preliminary.

The top panel of Fig. 4.9 shows that the distribution of Sérsic indices are clearly

bimodal. This bimodality is completely coincident with thedichotomy in bulge morphol-

ogy. The average values of bulges Sérsic index for pseudobulges and classical bulges are

1 �69
�

0�59 and 3�49
�

0�60, respectively, and the average of the superset of classical bulges

and elliptical galaxies is 3�78
�

1�5. The range of Hubble types chosen for this sample (S0-

Sc) certainly biases the distribution of Sérsic index to higher values since the Sérsic index

has been found to get smaller at later Hubble types (Graham, 2001; MacArthur et al., 2003).

It is worth noting that the average uncertainty of a bulge (pseudo- or classical) is compa-
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rable to the standard deviation of either of these distributions, � � nb � = 0�60. Inspection of

Fig. 4.7 shows that neither log(re) nor �
e show a bimodal distribution.

We fit a Gaussian to each histogram in Fig. 4.9 and solve for theSérsic index where

the frequencies are equal. Because our sample is not volume limited, we weight the dis-

tributions such that the number of galaxies earlier than Hubble type Sc with pseudobulges

is equal to the number of galaxies with classical bulges. We also solve for the case with

1/3 pseudobulges, and finally 2/3 pseudobulges. We find the critical Sérsic index to be

ncrit = 2�2
�

0 �1.

Of the 52 pseudobulges, 5 have Sérsic index significantly above two (two pseudob-

ulges havenb � 2). The interested reader can inspect their surface brightness profile in the

appendix, which shows fits to all surface brightness profiles. We take a few lines to discuss

these galaxies here. NGC 4314 is an SBa galaxy withnb = 2�37
�

0�78; this fit appears good,

although a significant amount of the profile is not included due to the outer bar and nuclear

ring. NGC 4258 is an oval galaxy, withnb = 2�69
�

0 �48. The outer oval ring affects the

surface brightness profile of the outer disk, and thus the fit covers a narrow range. However,

this is unlikely to affect the fit of the bulge too much, especially given the relatively low

uncertainty in Sérsic index in this fit. NGC 3627 is an Sb galaxy with nb = 2�90
�

0�83. Its

bar is not easily detectable, and thus not removed from the fit, as we try not to remove any

unnecessary points. NGC 3642 is an Sb galaxy withnb = 3�37
�

0�61, the profile does not

go very deep, and may be allowingnb to be artificially high. Finally, NGC 4826 has the

largest Sérsic index of any bulge classified as a pseudobulge, and the fit appears quite good,

unlike the others. We take these galaxies as exceptions rather than the rule, future studies

comparing alternative methods of pseudobulge detection (e.g. kinematics) will help shed

light on their true nature. We remind the reader again that weare not classifying systems as

composites, and these may have an effect. If for example a pseudobulge is embedded in a

classical bulge (or vice versa), we might visually identifythe pseudobulge even though the

stellar light distribution is set by the classical bulge. Still, the dividing line ofnb � 2 is 90%
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Figure 4.10 Two photometric projections of the fundamentalplane. All symbols are the
same as figure 4.7.
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Figure 4.11 Ratio of average ellipticity of the bulge to thatof the disk. As usual, pseudob-
ulges are represented by blue crosses and classical bulges by open red circles. This ratio is
plotted against Sérsic index of the bulge (left), bulge-to-total luminosity ratio (middle), and
Hubble type (right).

successful at identifying pseudobulges, and thus is a good detector of pseudobulges.

4.2.3 Fundamental Plane Projections

Figure 5.8 shows the correlations of�
e− re andMv − �

e, two projections of the fundamental

plane (Djorgovski & Davis, 1987; Dressler et al., 1987; Faber et al., 1989). The top cor-

relation shows the magnitude versus surface brightness plane, and the bottom panel shows

the �
e − re relation (Kormendy, 1977). While theMV versus�

e plot has a lot of scatter,

especially in the pseudobulges, the radius-surface brightness plane shows significantly less

scatter. Yet in both of these fundamental plane projections, those bulges which are fur-

ther from the correlations established by the elliptical galaxies are pseudobulges. For those

pseudobulges that deviate from the fundamental plane correlation in Fig. 5.8 that deviation

is towards lower densities.

This behavior has been noticed in the past. Carollo (1999) finds that exponential

bulges are systematically lower in effective surface brightness than those better fit by an

r1� 4-profile. We note that this could be an effect of only fitting either r1� 4 or exponentials
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rather than a Sérsic function to the bulge profiles. If a bulgeis not completely exponential

then it may force other parameters to compensate for the morerestrictive parameterization

of the profile shape. Falcón-Barroso et al. (2002) find that bulges which deviate from the

edge-on projection of the fundamental plane are found in late type (Sbc) galaxies. However,

at least with the galaxies in our sample, we cannot say unambiguously that this is a function

of differing bulge formation, because those bulges in Fig. 5.8 that deviate significantly from

the correlations defined by the elliptical galaxies are alsovery low B� T. Thus, it could be

that the potential of the bulge is more affected by the outer disk.

In fact, when looking at the pseudobulges in Fig. 5.8 alone, one would not infer

the presence of a strong correlation of either magnitude or effective radius with surface

brightness. This is another indication that pseudobulges and classical bulges are different

classes of objects.

4.3 Flattening Of Classical Bulges And Pseudobulges

There has been very little work on the distribution of flattenings of bulges albeit the struc-

tures present in pseudobulges (e.g. nuclear spirals or nuclear bars) suggest that pseudob-

ulges should have higher angular momentum and thus be flat stellar systems. However,

the end products of secular evolution need not be flat (Kormendy, 1993). Bar buckling and

unstable disks can both drive stars higher above the plane ofthe disks (Pfenniger & Nor-

man, 1990; Friedli, 1999), thus creating a pseudobulge thatis less flat than its associated

outer disk. Nonetheless, the data of Kent (1985) show that many bulges have median flat-

tenings that are similar or greater than the median of the outer disk, and that flat bulges

are more common in late-type galaxies. Fathi & Peletier (2003) find a similar result that

�
bulge� �

disk � 0�9 in 36% of S0-Sb galaxies and 51% Sbc-Sm galaxies (where� = 1− b� a).

However, note that Möllenhoff & Heidt (2001) do not find this result, they find very few

bulges are as flat as disks in ground basedJHK imaging.
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Figure 4.12 In the bottom panels, we show the distribution ofo Sérsic index (bottom left),
ratio of ellipticities (bottom middle), andB� T (bottom right) for different bulge morpholo-
gies. The bulge types are denoted by nS=nuclear spiral, nB=nuclear bar, nR=nuclear Ring,
nP=nuclear patchiness, and C=classical bulge. We also showthe comparison of the pres-
ence of driving mechanism (N=no driver, O=oval, and B=bar) to the Sérsic index (top left),
ratio of ellipticities (top middle), andB� T (top right).

Kormendy & Kennicutt (2004) include the flattening of bulges(as manifest through

the ratio of bulge ellipticity to that of the disk) in their list of preliminary criteria for iden-

tifying pseudobulges. We can test this hypothesis with our sample. Figure 4.11 shows the

ratio of mean ellipticity of the bulge to that of the outer disk ( � �
b � � � �

d � ) for galaxies in this

study. We do not include galaxies with average disk ellipticity less than 0.2, as face-on

projections of galaxies do not allow the flattening to be determined. Also, galaxies with

B� T � 0�5 are removed; if the bulge dominates the entire potential itmay set the shape of
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the disk and therefore affect the disk’s ellipticity makingit more like its own. To calculate

the average ellipticity of the profile we use only the data points that are also included in

the fit (filled circles in Figs. 4.4 and in the Appendix). It is amatter of interpretation as to

what features are a part of pseudobulges, especially in light of the fact that some nuclei may

be formed secularly along with the pseudobulge. However, asa matter of consistency we

choose to focus only on those isophotes we call the “bulge” from the bulge-disk decomposi-

tions. The boundary between the bulge and disk is chosen as the radius at which the surface

brightness of the Sérsic function equals the surface brightness of the exponential disk in the

decomposition. Yet, in many galaxies contamination from the disk artificially raises the av-

erage ellipticity of the bulge. This contamination is evident in the ellipticity profile. Thus,

we choose to average the bulge over a region in which there is little contamination present.

Those radii are given in Table 2.

The leftmost panel in Fig. 4.11 compares� �
b � � � �

d � to bulge Sérsic index for pseu-

dobulges and classical bulges. It is quite evident that classical bulges, in our sample, are

not as flat as pseudobulges. The average ratio of ellipticities of pseudobulges is 0�79
�

0�1,

whereas the average ratio for classical bulges is 0�49
�

0�14. In fact, the flattest classical

bulge (� �
b � � � �

d � = 0�75) is less flat than the average pseudobulge.

The middle and rights panels of Fig. 4.11 compare this ratio to the bulge-to-total

ratio and Hubble type, respectively. Classical bulges showno obvious trend of� �
b � � � �

d �
with B� T or Hubble type. They are tightly clustered about the mean value � 0�6

�
0�1.

Pseudobulges however show a slight correlation of� �
b � � � �

d � with B� T. This correlation

indicates that more prominent (inB� T) pseudobulges are slightly flatter. However, the

trend is weak, and has large scatter. Finally, we find a similar result to Kormendy (1993) and

Fathi & Peletier (2003), namely that flatter bulges are more frequent in later-type galaxies.

Furthermore, this trend only exists for pseudobulges.

Invariably the flattest bulges are pseudobulges. However, we do not wish to over-

state this result. It is possible that asymmetric dust extinction leads to higher apparent
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Open  = Field
Cross = Cluster

Figure 4.13 Structural parameters of bulges as a function ofthe environment. Field glaxies
with classical bulges are marked by open squares, field pseudobulges with open diamonds.
Cluster galaxies with classical bulges are marked by X’s, cluster pseudobulge galaxies by
crosses. All classical bulges are marked by red symbols, pseudobulges by blue symbols.114



Figure 4.14 As in fig. 4.13, we distinguish those those galaxies that exist in cluster (or
group) environments (crossed symbols) from those that exist in the field (open symbols).
Symbol color reflects bulge type, as before. Bulge-to-totalratio is plotted against absolute
magnitude of the bulge.
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flattening in the V band. Future work at near-to-mid IR wavelengths is likely to provide

less ambiguous results.

4.4 Pseudobulges As A Class Of Objects

In this paper we identify pseudobulges as having any, but notnecessarily all, of several

structures (nuclear bars, rings, and ovals). We treat bulges with these structures as a group.

The motivation for doing so is that all these phenomena are similar to properties that are

commonly associated with high specific angular momentum systems. At least in the sense

that they are the complement of classical bulges they can be treated as a group. However,

here we have to ask the following question: do thusly identified pseudobulges act as a single

class of objects or do significant differences exist among the objects we are identifying as

pseudobulges?

Figure 4.12 suggests an answer to this question. The left panels in the figure show

the distribution of bulge properties for bulges that have smooth isophotes (C=classical),

bulges with nuclear spirals (nS), bulges with nuclear bars (nB), bulges with nuclear rings

(nR), and bulges with a chaotic nuclear patchiness that resembles late type galaxies (nP).

See Fig. 4.2 for example images of each of these features. In Sérsic index, ellipticity ratio

(bulge to disk), and bulge-to-total ratio there is no significant difference among the types of

morphologies we call a pseudobulge.

Bulges with chaotic nuclear-disk-like patchiness (nP) seem to have smaller Sérsic

index, and are more flat. It is unclear why this might be. This may be driven by them

having smallerB� T and thus them being more affected by the disk potential. We also note

that pseudobulges withnb � 2 are almost all in bulges with nuclear spirals. It is possible

that these bulges are not truly a spiral, instead some other phenomenon, like contamination

of the light by the outer disk, is causing us to identify them as pseudobulges. However, in

each parameter the distinction appears to be between classical bulges and the rest of the

objects, rather than among the objects we call pseudobulges.
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We also show Sérsic index, ellipticity ratio (bulge to disk), and bulge-to-total ratio

as a function of secular driving mechanism. We separate galaxies as having no driving

mechanism, an oval disk, or a bar. Notice once again that we donot set grand design spiral

as a class of object. There seems to be little differences in the averages, except ovaled

galaxies have smaller Sérsic index and flatter bulges. The phenomenon of flat bulges does

not appear to require the presence of a bar. Thus it is not likely that all flat bulges are small

bulges stretched by a bar potential making them flat. Also notice that the distributions

of parameters for barred, oval, and normal spirals is roughly the same. Thus it does not

seem likely that our method of removing the bar is artificially changing the bulge-disk

decomposition parameters.

4.5 Environmental Effects

Secular evolution is not the only theory for building bulgesthat look like disks. Other

possibilities such as extremely gas rich accretion events,distant gravitational encounters, or

gravitational interactions with a cluster potential couldall drive gas to the center of galaxies

to increaseB� T, as found by Mastropietro et al. (2005). Kannappan et al. (2004) find that

blue bulges are statisticallymore likely to have companiongalaxies within 100 kpc. Further,

counter-rotating gas is frequently observed in spiral galaxies, and is taken as a sign of the

galaxy having accreted galaxies in their past. Yet, pseudobulges are much more common in

late-type galaxies, and the well known morphology-densityrelation (Dressler, 1980) shows

that late-type galaxies are not found in dense environments. Is it possible that pseudobulges

in the field are formed through different mechanisms than those in cluster environments?

We can not know the answer to this for certain, however we can look for signatures for such

effects in our data.

In Fig. 4.13 we show our primary result again, namely that pseudobulges have a

lower Sérsic index than classical bulges, but here we also mark environment. Field glaxies

with classical bulges are marked by open squares, field pseudobulges with open diamonds.
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Cluster galaxies with classical bulges are marked by X’s, cluster pseudobulge galaxies by

crosses. There seems to be no significant differences in the structure of the surface bright-

ness profile between the pseudobulges that reside in the fieldgalaxies and the ones in clus-

ter galaxies. Cluster pseudobulges are not higher mass nor systematically different in radial

size than field pseudobulges. Nor are their surface brightness profiles preferentially steeper

in clusters.

The same holds forB� T: there is no substantial difference between pseudobulges in

the field versus clustered environments. If pseudobulge formation was driven primarily by

tidal encounters with distant galaxies, one would expect that this effect should be enhanced

in cluster environments, where such encounters are more frequent. This would result in

more massive pseudobulges existing in cluster environments. Our sample does not seem to

indicate that pseudobulges are any more luminous in clusterenvironments than in the field.

We feel that this supports the notion that externally drivendisk evolution is not likely the

dominant affect in driving pseudobulge formation.

Our results in no way rule out the possibility that pseudobulges are formed by gas-

rich minor mergers. If we take an example of merging our Galaxy with one of the Mag-

ellanic clouds, and if this is done� 1 Gyr, when the gas fractions were much higher, it is

entirely plausible that the result could look similar to what we call a pseudobulge. However,

it is not certain if such a system would still be actively forming stars today, or if pseudob-

ulge formation through minor mergers could only happen in extreme cases (e.g. prograde

collisions at low inclination). Also, it is not clear how such accretion-driven formation of

pseudobulges could maintain the bulge-disk correlations discussed in the previous sections.

4.6 Summary & Discussion

The main result of this paper is that bulge Sérsic index,nb, is bimodally distributed in inter-

mediate type galaxies where both classical bulges and pseudobulges exist. A value ofnb � 2

marks the boundary for separating morphologically-identified pseudobulges from classical
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bulges. Belownb = 2 no classical bulges are found, and above it very few pseudobulges are

found. We also find that galaxies which are identified as pseudobulges, using either bulge

morphology or bulge Sérsic index, are flatter than classicalbulges. Thus suggesting that

on average these systems are more disk-like in both their morphology and shape than are

classical bulges. Pseudobulges exist that are as round as classical bulges, yet, invariably

the flattest bulges are all pseudobulges. In both Sérsic index and flattening ratio, our results

show a homogeneity in classical bulge properties, and a greater dispersion in pseudobulge

properties. That is to say, classical bulges, in our sample,do not have Sérsic index less than

two, nor do they have high ratios of bulge-to-disk ellipticity. Pseudobulges, on average,

have lowerB� T than classical bulges, however we find pseudobulges withB� T extending

to � 0�35.

We find that the half-light radius of pseudobulges is well correlated with the scale

length of the outer disk, while the scale length of classicalbulges is not correlated with that

of the disk. This is consistent with the interpretation thatre
� h is due to a secular formation

of pseudobulges. Also, the fact that the scale length of the disk is correlated with the size of

its pseudobulge but not correlated with the size of classical bulges is a strong indication that

there indeed is a physical difference between the formationmechanisms of these different

bulge types.

In photometric fundamental plane projections, pseudobulges populate and extend

the low luminosity end of the range occupied by classical bulges and elliptical galaxies.

Pseudobulges deviate more from the relations set by the elliptical galaxies than classical

bulges, and preferably towards lower density. In fact, it does not seem that on their own

pseudobulges would establish any of these correlations, especiallyMV − �
e.

In all correlations investigated in this work we find that thefundamental distinction

is between classical bulges and pseudobulges. We do not find significant differences within

the class of morphologies we identify as pseudobulges (nuclear spirals, nuclear bars, nuclear

rings, and chaotic nuclear patchiness).
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Figure 4.15 Bulge-to-total ratio (lower panel) and ratio ofthe bulge half-light radius to the
scale length of the disk (top panel) plotted against the logarithm of the bulge Sérsic index.
As before, classical bulges are represented by open red circles and pseudobulges by blue
crosses.
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Is it possible that identifying pseudobulges visually using nuclear morphology is

subject to an inherit flaw? That being that these systems are by definition bulge-disk sys-

tems, and thus is it possible that classical bulges coexist over large radius with the central

parts of a disk. Pseudobulges in S0 galaxies exemplify this concern. In many ways elliptical

galaxies and S0s are thought to be the extremes of a continuumof properties. Embedded

disks are known to exist in elliptical galaxies (see, e.g. Scorza & Bender, 1995). Would we

call such a system where the embedded disk had a nuclear bar a pseudobulge? Most likely

not. However, in S0s, which by definition have lowerB� T, we are inclined to do so. Clearly,

if there is no sharp change in properties along the E-S0 continuum, there should be some

composite systems with secularly formed structure in the disk and a classical (i.e. kinemat-

ically hot) bulge. (Note, though, that many S0s resemble defunct later type disk galaxies

much more than they do resemble elliptical galaxies as suggested by van den Bergh, 1976).

This may be the case in NGC 2950, yet it does not appear to be therule. Erwin et al. (2004)

show that many bulges have more complicated dynamical profiles, with both hot an cold

components. Yet, pseudobulges show a remarkable similarity to disk stellar populations,

ISM, and star formation rates. These similarities have beenshown in the flatness of stellar

population gradients (Peletier & Balcells, 1996), and the similarity of CO profiles to optical

light (Regan et al., 2001). Helfer et al. (2003) show that many CO gas maps of bulge-disk

galaxies have holes in their center, but also many CO profilesrise steeply to their center. A

quick comparison of with our sample shows that those holes are found in classical bulges

(e.g. NGC 2841). Fisher (2006b) shows that the nuclear morphology of galaxies (as used

here) predicts the shape of the 3.6-8.0 micron color profile:disk-like bulges have flat color

profiles, and E-like bulges have holes in 8.0 micron emission. If we were merely mistak-

enly identifying disks superimposed on bulges as physically different pseudobulges, we’d

expect to find largerB� T for such systems as compared to the bulges where we do not see

evidence for the presence of a disk which we call classical inthis work. This is because

of the added light of the disk onto a fraction of bulges drawn from the same underlying
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distribution. However, we do not find this to be the case. Fig.4.6 shows that pseudobulges

are on average smaller than classical bulges.

It is not clear whether pseudobulges participate in the various correlations presented

in this paper. If we look at the pseudobulges alone, they onlyshow a convincing correlation

in the Kormendy relation (� e − re). Their distribution better resembles scatter diagrams in

the Mv − �
e,

�
e − n, andre − n planes. However, it would seem to be an odd coincidence

that in every parameter combination pseudobulges just happen to fall in the right location to

extend the correlations set by the classical bulges and the elliptical galaxies. Putting all this

together implies that we do not really understand the details of pseudobulge formation very

well. It is also possible that the decomposition of pseudobulges may not be an appropri-

ate procedure. Bulge-disk decomposition assumes that the structures are distinct (and that

light extends to radius of infinity). If we accept that pseudobulges are formed through disk

phenomena, then such a bulge-disk decomposition may not be an adequate description of

those systems. In reality they might simply be a component ofgalactic disk. Also, parame-

ters derived from the Sérsic function are coupled (Graham & Colless, 1997). Thus, treating

pseudobulges in the same way as classical bulges may artificially force them to extend some

photometric correlations.

Concerning the six bulges with disk-like morphology near their centers that have

nb � 2, two have� �
b � � � �

d � � 0 �75 (the maximum of classical bulges), and NGC 4314 has

a very prominent star forming nuclear ring, making this bulge a strong candidate for being

a pseudobulge. This galaxy might be an example for a composite system. Their existence

certainly underscores the value of having as much information as possible when diagnosing

bulge types. Future work may prove illuminating. For example, to what extent should we

trust bulge morphology as an indicator of secular evolution? It is possible for the human

eye to mistake merely the presence of dust for spiral structure?

We also find that the ratio of scale lengths,re� h, in pseudobulges is more tightly

correlated and closer to those values reported by other authors (e.g. MacArthur et al., 2003)
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than in classical bulges. However, the range in values ofre� h for classical bulges and

pseudobulges are similar; therefore this does not provide agood diagnostic tool for finding

pseudobulges. Pseudobulges extend the parameter correlations of photometric quantities

(re,
�

e, MV , andnb). However in many of these parameters it is unclear if pseudobulges

actually show a correlation on their own.

We can compare the structural properties of the bulges in oursample the output

of simulation. Unfortunately simulations of galaxies thatresemble real galaxies including

stars, dark matter, gas and star formation (and possibly feedback) are quite difficult. Thus

there does not exist a statistically relevant set of simulations for full comparison. Nonethe-

less, we can compare our results to those that currently exist.

Debattista et al. (2004) provides a set of simulations that generate bulges from bar

buckling in pure stellar (no gas) systems. The resulting bulges typically havenb � 1�5,

which is consistent with what we find. The bulges in our sampletend to be more round

than their associated outer disk, and Debattista et al. (2004) separate their bulges based

on flattening ratios. So we will only compare to those bulges that are less round than the

outer disk. Their simulated galaxies haveB� D = 0�2−1�0 (whereB� D is bulge-to-disk light

ratio). Where as our sample has a medianB� D = 0�12 with a standard deviation of 0�20.

Further, they are able to recover the coupling ofre andh that we find in pseudobulges. Thus

our pseudobulges tend to be a bit smaller. It may be that bar-buckling is one way to make a

pseudobulge, as indicated by the the fact that those simulated bulges from Debattista et al.

(2004) are contained within the set of pseudobulges, but do not span the whole range in

properties.

We reiterate a statement by Andredakis (1998), that is also discussed in Kormendy

& Kennicutt (2004), namely that we do not really understand why pseudobulges should

have a certain Sérsic index. It is understandable that mergers would drive up the Sérsic

index, as discussed by van Albada (1982) and Kormendy et al. (2009), and thus classical

bulges are found with higher Sérsic index. Aguerri et al. (2001) simulates minor merg-
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ers (accretion of satellites on the order of the mass of the bulge) in bulge-disk galaxies.

They show that the Sérsic index grows as the amount of mass accreted becomes larger.

Eliche-Moral et al. (2006) takes the study of satellite accretion to lower densities than those

simulations of Aguerri et al. (2001). Their simulations do not include gas and star forma-

tion, and thus as with the Debattista et al. (2004) simulations they should be read with that

caveat in mind. They find that low density satellite accretion does not necessarily drive

Sérsic index above the critical value we find(ncrit � 2). Yet, they also find that satellite

accretion leads to a simultaneous increase inB� T.

In Fig. 4.15, we therefore plot the bulge-to-total ratio,B� T, and the ratio of the

bulge half-light radius to the scale length of the disk,re� h, againstnb. There is a tight cor-

relation for classical bulges. However, pseudobulges do not follow this correlation. In fact,

neitherB� T nor re� h correlate withnb in pseudobulges at all in the range of parameters

shown, spanning an order of magnitude inB� T. The absence of correlation betweennb and

B� T in pseudobulges seems to be pointing to a non-merger driven formation scenario for

pseudobulges. Yet, these results are suggestive at best. There may be some underlying cor-

relation that is destroyed by other factors (e.g. gas fraction or collision parameters). More

work is needed from both simulations and observations. Thatwe do not see correlation

of nb andB� T for low-Sérsic index bulges (as found in Eliche-Moral et al., 2006) may be

indicating that the classical bulges we observe today are the products of multiple mergers,

and possibly at higher redshifts there is a population of low-Sérsic index classical bulges.

Conversely it is entirely possible that a population of small classical bulges exists, yet they

are embedded within pseudobulges. In this case the mass of a bulge, and hence theB� T

within a specific galaxy would be coming from multiple mechanisms.

If pseudobulges are built by secular evolution, the simplest mechanism control-

ling the Sérsic index in bulges is thatnb grows with time as the bulge-to-total ratio in-

creases. However, as discussed above, it appears that thereis not a strong connection be-

tweenB� T and Sérsic index. This would imply that Sérsic index in pseudobulges is not a
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time-dependent quantity. We wish to emphasize, though, that the error in the measurement

of nb is large, and might be masking an underlying weak correlation. Also, by focusing on

intermediate-type galaxies, where both pseudobulges and classical bulges occur, we miss

very lowB� T systems. Expanding a sample to later types might reveal a weak correlation

(Graham, 2001). Sincere correlates tightly withh for pseudobulges, it is no surprise that

re� h does not correlate withnb in pseudobulges. The linear coupling ofre andh is well

established in late type galaxies (Courteau et al., 1996b).

It may be that the Sérsic index of pseudobulges is merely another manifestation of

the dynamical state of the system. Stars in bulges with larger amounts of random motion

often take on radial orbits, thus climbing higher out of the potential well. Thus there is

more light at large radius, increasingnb. However, stars in orbits with higher amounts of

angular momentum would be less likely to take on radial orbits and thus bulge light would

contribute less at large radius; drivingnb down. The observation that the distribution of

Sérsic indices in bulges of galaxies from E to Sc is bimodal then strengthens the claim that

what we are calling pseudobulges are not merely the low-masscounterparts of the same

phenomena that form classical bulges and elliptical galaxies. This description fits well with

the theory that secular evolution forms pseudobulges, and mergers, whether by a single

event or succession of events, form classical bulges. The higher angular momentum (and

thus low Sérsic index) systems have not had major mergers andthus have not experienced

the violent processes that lower the ratio of rotational velocity to velocity dispersion. What

is left unknown is why pseudobulges are not exponential, andalso what keeps them from

having larger Sérsic indices.

We conclude by returning to the results of Fig. 4.6, and the implications of the

range ofB� T for pseudobulges. It is now well known that the presence of many low-B� T

systems presents a problem for current� CDM galaxy formation theories (D’Onghia &

Burkert, 2004). In our sample we find no classical bulge galaxies withB� T � 0�1. Recent

studies which compare merger histories in� CDM simulations to the observed frequency of
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bulgeless galaxies suggest that either there are too many mergers in the simulations, or that

disks must be much more robust to the merging process than previously thought (Stewart

et al., 2008; Koda et al., 2007). Pseudobulges span a range ofB� T from 0.35 to zero. If

pseudobulges form through disk processes then a galaxy witha pseudobulge can be thought

of as a pure disk galaxy. Thus current estimates of the numberof low-B� T systems could

only be thought of as lower-limits; the existence of pseudobulges would make the problem

of forming bulgeless systems even more pressing.
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Table 4.1. Sample Galaxy Properties

Identifier Hubble (a) Driving aV
(b) V MV distance (c) Data Sources (d)

Type Mechanism (mags) (mags) (mags) (Mpc)

NGC 613 SBb(rs) Bar 0.06 10.28 -21.31 20.13 8,15
NGC 628 Sc(s) - 0.23 9.24 -20.77 9.04 2,5,10,17
NGC 1022 SBa(r) Bar 0.09 11.32 -19.74 15.63 8,15
NGC 1300 SBb(s) Bar 0.10 10.57 -21.05 20.15 5,10,15
NGC 1313 SBc(s) Bar 0.36 9.23 -20.41 7.15 4,7,14
NGC 1325 Sb(s) - 0.07 11.63 -19.97 20.20 7,15
NGC 1353 Sbc(r) - 0.11 11.22 -20.32 19.31 7,15
NGC 1398 SBab(r) Bar 0.05 9.64 -21.47 16.26 7,8,15
NGC 1425 Sb(r) - 0.04 10.95 -20.50 19.11 8,15
NGC 1512 SBb(rs) Bar 0.04 10.44 -19.56 9.85 8,14,15
NGC 1566 Sbc(s) - 0.03 9.69 -20.75 12.08 2,7,14
NGC 2775 Sa(r) - 0.14 10.22 -21.35 19.23 7,15,18
NGC 2787 SB0/a Bar 0.43 10.72 -19.86 10.69 7,15
NGC 2835 SBc(rs) Bar 0.33 10.42 -19.25 7.35 4,7
NGC 2841 Sb - 0.05 9.31 -21.12 11.91 1,6,10,12,14,18,19
NGC 2880 SB0 Bar 0.11 11.71 -20.10 21.88 8,15,18
NGC 2903 Sc(s) Bar 0.10 8.98 -20.14 6.35 8,10,15,18,19
NGC 2950 RSB0 Bar 0.06 11.04 -20.80 22.80 7,10,15,18
NGC 3031 Sb(r) - 0.27 6.77 -21.45 3.91 5,6,14,16,18
NGC 3115 S0 - 0.16 8.58 -21.51 9.68 1,6,14,15
NGC 3166 Sa(s) Oval 0.10 10.23 -20.93 16.22 7,15,18
NGC 3169 Sb(r) - 0.10 10.46 -20.69 16.22 7,8,15,18
NGC 3185 SBa(s) Bar 0.09 12.08 -19.36 18.56 8,10,15,18
NGC 3198 Sc(s) - 0.04 10.37 -19.50 9.24 8,12,18,19
NGC 3245 S0 - 0.08 11.24 -20.34 19.89 8,15,18
NGC 3259 Sbc(r) - 0.05 12.66 -19.59 27.54 8,10,15,18
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Table 4.1 (cont’d)

Identifier Hubble (a) Driving aV
(b) V MV distance (c) Data Sources (d)

Type Mechanism (mags) (mags) (mags) (Mpc)

NGC 3277 Sa(r) - 0.09 11.68 -19.90 19.89 7,10,15,18
NGC 3338 Sbc(s) - 0.10 10.82 -20.73 19.42 8,15,18
NGC 3351 SBb(r) Bar 0.09 9.86 -19.48 7.06 3,7,10,15,18,19
NGC 3368 Sab(s) Oval 0.08 9.13 -21.61 13.53 7,8,10,15,18
NGC 3423 Sc(s) - 0.10 10.68 -19.80 11.95 7,18
NGC 3521 Sbc(s) - 0.19 9.31 -21.19 11.48 3,7,15
NGC 3593 Sa pec - 0.07 10.67 -18.57 6.83 7,15,18
NGC 3627 Sb(s) Bar 0.11 8.95 -20.33 6.83 7,8,12,15,18
NGC 3642 Sb(r) - 0.04 10.79 -21.45 27.54 7,18
NGC 3885 Sa - 0.24 10.97 -21.18 24.08 7,15
NGC 3898 Sa - 0.07 10.71 -20.85 19.88 7,10,15,18
NGC 3992 SBb(rs) Bar 0.10 9.79 -21.04 14.03 7,15,18
NGC 4030 Sbc(r)* - 0.09 10.22 -21.57 21.89 7,15,18
NGC 4062 Sc(s) - 0.08 11.09 -18.96 9.87 7,15,18
NGC 4152 Sc(r) - 0.11 12.05 -20.53 31.15 7,10
NGC 4203 S0 - 0.04 10.91 -20.03 15.14 7,18
NGC 4245 SBa(s) Bar 0.07 11.25 -18.80 9.87 7,15,18
NGC 4258 Sb(s) Oval 0.05 8.39 -20.97 7.28 5,7,15
NGC 4260 SBa(s) Bar 0.08 11.84 -20.71 31.25 7,18
NGC 4274 Sa(sr) Oval 0.17 10.31 -19.84 9.87 5,15,18
NGC 4314 SBa(rs) pec Bar 0.08 10.63 -19.42 9.87 7,10,15,18
NGC 4340 RSB0 Bar 0.09 11.20 -20.47 20.79 5,15,18
NGC 4371 SB0(r) Bar 0.12 10.84 -20.12 14.68 7,15,18
NGC 4379 S0 - 0.08 11.78 -19.06 14.19 7,18
NGC 4380 Sab(s) - 0.08 11.70 -19.97 20.79 7,15,18
NGC 4394 SBb(sr) Bar 0.10 10.88 -20.07 14.80 8,10,15,18
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Table 4.1 (cont’d)

Identifier Hubble (a) Driving aV
(b) V MV distance (c) Data Sources(d)

Type Mechanism (mags) (mags) (mags) (Mpc)

NGC 4448 Sa Bar 0.08 10.95 -19.10 9.87 7,15,18
NGC 4489 S0** - 0.09 12.36 -19.00 17.86 KFCB(e)

NGC 4501 Sbc(s) - 0.13 9.66 -22.55 26.05 7,10,15,19
NGC 4536 Sbc(s) Oval 0.06 10.84 -21.24 25.30 7,12,15,18
NGC 4564 S0** - 0.12 11.25 -19.74 15.00 KFCB(e)

NGC 4569 Sab(s) Bar 0.15 9.50 -22.24 20.79 7,10,15,18
NGC 4570 S0 - 0.07 10.66 -20.56 16.98 KFCB(e)

NGC 4579 Sab(s) Bar 0.14 9.90 -21.83 20.79 7,12,15,18
NGC 4639 SBb(r) Bar 0.09 11.40 -20.27 20.79 7,8,15,18
NGC 4660 S0** - 0.11 11.38 -19.27 12.80 KFCB(e)

NGC 4698 Sa Oval 0.09 10.58 -22.30 36.09 7,10,15,18
NGC 4725 SBb(r) Bar 0.04 9.43 -21.22 13.24 7,10,12,15
NGC 4736 RSab(s) Oval 0.06 8.28 -18.27 1.99 7,10,12,18,19
NGC 4772 Sa(r)* Bar 0.09 11.22 -19.51 13.43 7,18
NGC 4826 Sab(s) - 0.14 8.57 -20.94 7.48 6,7,10,13,15
NGC 4941 Sab(s) Oval 0.12 11.29 -17.41 5.22 7,15
NGC 5055 Sbc(s) - 0.06 8.67 -21.46 10.36 7,11,15,18,19
NGC 5194 Sbc(s) - 0.12 8.38 -20.94 6.94 7,12,10,15
NGC 5273 S0/a - 0.03 11.45 -19.68 16.52 7,10,15,18
NGC 5879 Sb(s) - 0.04 11.31 -19.38 13.45 7,15,18
NGC 5970 SBbc(r) Bar 0.14 10.88 -21.34 26.00 8,9,18
NGC 6744 Sbc(r) Bar 0.14 7.84 -21.93 8.43 4,7
NGC 6946 Sc(s) - 1.13 8.57 -21.33 5.67 7,10,12,15,17
NGC 7177 Sab(r) Bar 0.24 11.30 -20.10 17.08 7,8,9,15
NGC 7217 Sb(r) - 0.29 10.07 -21.23 15.92 8,15,20
NGC 7457 S0 - 0.17 11.44 -19.34 13.24 7,10,15
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Table 4.1 (cont’d)

Identifier Hubble (a) Driving aV
(b) V MV distance (c) Data Sources(d)

Type Mechanism (mags) (mags) (mags) (Mpc)

NGC 7743 SBa Bar 0.23 11.34 -20.47 20.70 7,10,15

(a)Hubble Types are taken from Sandage & Bedke (1994).

(b)Galactic extinction taken from Schlegel et al. (1998).

(c)Distances taken from Tully & Fisher (1988b)

(d)Refers to number in first column of Table 1.
(e)Profiles taken from Kormendy et al. (2009)

Table 4.2. Bulge And Disk Parameters

Identifier Bulge Bulge RMS � o(V) re nb

Type Morphology mag arcsec−2 arcsec

NGC 613 p nB 0.17 16.41� 0.42 5.49� 2.97 1.23� 0.40
NGC 628 p nS 0.04 17.65� 0.20 13.83� 3.64 1.45� 0.19
NGC 1022 p nB 0.07 14.12� 0.54 1.06� 0.57 1.43� 0.36
NGC 1300 p nS 0.07 15.93� 0.61 4.41� 2.57 1.61� 0.39
NGC 1313 p nP 0.11 17.83� 0.55 2.57� 1.26 0.78� 0.62
NGC 1325 p nS 0.09 18.27� 0.81 4.72� 4.12 1.50� 0.79
NGC 1353 p nS 0.13 15.02� 0.47 2.6� 2.07 1.79� 0.41
NGC 1398 c C 0.13 13.04� 0.69 23.22� 33.9 3.53� 0.68
NGC 1425 c C 0.12 13.27� 1.36 8.5� 8.48 3.45� 1.12
NGC 1512 p nR 0.08 16.39� 0.29 7.85� 3.23 1.56� 0.28
NGC 1566 p nS 0.07 16.61� 1.64 8.9� 6.1 1.58� 1.11
NGC 2775 c C 0.07 13.62� 0.51 32.11� 18.42 3.80� 0.39
NGC 2787 p nB 0.08 16.86� 0.50 9.12� 5.55 1.24� 0.33
NGC 2835 p nB 0.08 19.91� 0.75 9.84� 6.1 1.09� 1.13
NGC 2841 c C 0.08 13.67� 0.71 11.19� 9.59 2.97� 0.53
NGC 2880 c C 0.04 13.42� 0.32 13.03� 12.89 3.50� 0.31
NGC 2903 p nP 0.12 17.58� 0.16 8.29� 0.82 0.42� 0.13
NGC 2950 p nB 0.08 14.04� 0.62 4.67� 3.24 1.90� 0.46
NGC 3031 c C 0.06 12.34� 0.43 75.05� 68.09 3.79� 0.39
NGC 3115 c C 0.09 10.76� 0.41 30.98� 27.32 3.89� 0.32
NGC 3166 p nS 0.07 16.20� 0.58 3.8� 1.16 0.56� 0.27
NGC 3169 p nS 0.09 15.89� 0.34 8.35� 3.57 1.46� 0.24
NGC 3185 p nR 0.12 15.64� 0.60 2.18� 2.34 1.69� 0.51
NGC 3198 p nS 0.03 19.18� 0.94 33.36� 16.26 1.69� 1.26
NGC 3245 c C 0.07 12.54� 0.43 14.35� 14.83 3.82� 0.34
NGC 3259 p nS 0.04 17.21� 0.87 3.59� 2.34 1.75� 0.84
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Table 4.2 (cont’d)

Identifier Bulge Bulge RMS � o(V) re nb

Type Morphology mag arcsec−2 arcsec

NGC 3277 c C 0.06 12.12� 0.88 21.21� 12.84 4.67� 0.65
NGC 3338 p nS 0.1 17.79� 1.87 7.86� 20.43 1.61� 1.44
NGC 3351 p nR 0.18 16.73� 0.75 11� 10.34 1.51� 0.77
NGC 3368 p nS 0.1 15.57� 0.80 13.95� 11.75 1.71� 0.74
NGC 3423 p nS 0.07 19.06� 0.39 8.85� 4.7 1.37� 0.47
NGC 3521 c C 0.13 10.77� 1.39 3.83� 2.99 3.20� 0.92
NGC 3593 p nS 0.14 16.69� 0.69 16.22� 29.26 1.80� 0.73
NGC 3627 p nS 0.1 14.15� 0.85 21.57� 24.97 2.90� 0.83
NGC 3642 p nS 0.1 11.45� 0.87 3.09� 2.76 3.37� 0.61
NGC 3885 p nS 0.16 14.47� 0.95 5.37� 6.46 1.98� 0.82
NGC 3898 c C 0.1 12.21� 1.28 18.5� 15.98 3.94� 0.88
NGC 3992 c C 0.08 14.29� 1.04 18.82� 13.07 2.95� 0.81
NGC 4030 p nS 0.09 16.51� 0.98 11.28� 7.07 1.75� 0.80
NGC 4062 p nS 0.06 18.39� 1.25 4.39� 3.29 1.47� 1.24
NGC 4152 p nR 0.07 16.70� 0.63 2.79� 1.86 1.30� 0.51
NGC 4203 c C 0.11 14.48� 0.72 6.99� 5.63 2.34� 0.54
NGC 4245 p nR 0.08 16.10� 0.74 8.52� 4.98 1.90� 0.69
NGC 4258 p nS 0.04 14.35� 0.61 14.98� 8.02 2.70� 0.48
NGC 4260 c C 0.07 15.09� 0.63 15.31� 30.17 3.21� 0.66
NGC 4274 p nS 0.14 15.89� 0.50 7.45� 6.82 1.82� 0.48
NGC 4314 p nR 0.16 14.64� 0.81 4.95� 6.48 2.37� 0.78
NGC 4340 p nB 0.07 15.25� 0.88 6.46� 3.06 2.00� 0.67
NGC 4371 p nR 0.07 15.42� 0.24 7.74� 3.54 2.02� 0.30
NGC 4379 c C 0.04 13.78� 0.35 15.35� 13.26 3.48� 0.22
NGC 4380 p nS 0.06 17.84� 0.72 5.65� 3.04 1.58� 0.69
NGC 4394 p nS 0.09 15.77� 0.60 5.1� 3.98 1.65� 0.50
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Table 4.2 (cont’d)

Identifier Bulge Bulge RMS � o(V) re nb

Type Morphology mag arcsec−2 arcsec

NGC 4448 p nP 0.08 16.84� 0.80 10.69� 15.96 1.68� 0.68
NGC 4489 c C 0.05 12.95� 0.40 6� 9.76 3.58� 0.33
NGC 4501 p nS 0.16 17.74� 0.92 6.96� 5.42 0.91� 0.63
NGC 4536 p nS 0.12 15.47� 0.40 4.33� 2.9 1.88� 0.35
NGC 4564 c C 0.04 12.04� 0.78 8.67� 5.06 3.70� 0.66
NGC 4569 p nB 0.09 12.13� 1.12 1.64� 1.49 1.90� 0.56
NGC 4570 c C 0.08 11.85� 0.57 10.14� 11.87 3.65� 0.49
NGC 4579 p C 0.08 15.41� 1.31 17.48� 15.02 2.04� 0.92
NGC 4639 p nS 0.1 16.06� 0.89 4.43� 3.29 1.64� 0.90
NGC 4660 c C 0.09 11.37� 0.61 9.75� 5.71 3.81� 0.33
NGC 4698 c C 0.12 13.27� 0.64 16.96� 27.26 3.60� 0.52
NGC 4725 c C 0.07 13.77� 1.01 62.72� 119.71 3.19� 0.83
NGC 4736 p nB 0.1 14.13� 0.54 9.68� 7.23 1.62� 0.51
NGC 4772 c C 0.07 14.50� 0.72 15.12� 22.4 3.20� 0.57
NGC 4826 p nS 0.08 11.72� 0.79 16.71� 21.46 3.94� 0.68
NGC 4941 p nB 0.12 15.70� 0.80 2.73� 2.37 1.48� 0.56
NGC 5055 p nS 0.08 17.33� 0.55 46.91� 34.28 1.84� 0.49
NGC 5194 p nS 0.08 18.10� 0.21 13.83� 1.95 0.55� 0.14
NGC 5273 c C 0.09 12.94� 0.75 5.32� 13.74 3.41� 0.56
NGC 5879 p nS 0.06 16.53� 0.31 9.23� 4.23 1.65� 0.37
NGC 5970 p nB 0.09 16.68� 0.42 5.9� 3.12 1.46� 0.74
NGC 6744 c C 0.06 14.81� 0.62 26.55� 21.72 2.53� 0.59
NGC 6946 p nP 0.1 15.90� 0.99 4.41� 4.47 1.87� 0.71
NGC 7177 p nS 0.08 16.60� 0.28 7.9� 3.07 1.51� 0.36
NGC 7217 p nS 0.08 16.24� 1.44 27.38� 33.54 1.90� 0.96
NGC 7457 c C 0.07 15.28� 0.83 6.28� 4.88 2.44� 0.71

133



Table 4.2 (cont’d)

Identifier Bulge Bulge RMS � o(V) re nb

Type Morphology mag arcsec−2 arcsec

NGC 7743 c C 0.08 11.28� 0.87 22.16� 36.4 5.12� 0.49

Table 4.3. Bulge And Disk Parameters

Identifier � D(V ) h
� �

b� � �
D � rb=d

mag arcsec−2 arcsec

NGC 613 19.47� 0.25 33.47� 1.75 0.39� 0.20 0.48� 0.04 8.73
NGC 628 20.29� 0.09 80.83� 4.35 0.09� 0.07 0.13� 0.01 14.29
NGC 1022 19.50� 0.13 19.21� 0.63 0.42� 0.18 0.15� 0.02 10.03
NGC 1300 20.59� 0.11 58.27� 3.03 0.20� 0.10 0.51� 0.04 9.03
NGC 1313 18.85� 0.10 51.98� 3.90 0.42� 0.21 0.46� 0.05 2.21
NGC 1325 20.24� 0.11 36.61� 1.27 0.36� 0.19 0.61� 0.01 3.02
NGC 1353 19.54� 0.15 26.10� 1.18 0.45� 0.15 0.46� 0.01 4.42
NGC 1398 20.97� 0.60 66.72� 10.87 0.13� 0.06 0.22� 0.01 20
NGC 1425 20.28� 0.45 41.16� 5.89 0.29� 0.11 0.50� 0.01 9.03
NGC 1512 20.24� 0.16 46.09� 2.49 0.10� 0.08 0.45� 0.01 8
NGC 1566 19.80� 0.27 51.45� 4.29 0.19� 0.12 0.30� 0.02 10.53
NGC 2775 21.02� 0.31 45.30� 5.41 0.12� 0.06 0.18� 0.00 39.99
NGC 2787 19.62� 0.18 25.89� 1.11 0.32� 0.16 0.37� 0.02 14.44
NGC 2835 20.95� 0.27 66.63� 6.35 0.27� 0.17 0.29� 0.00 5.31
NGC 2841 19.71� 0.19 64.20� 3.60 0.28� 0.11 0.50� 0.02 13
NGC 2880 21.08� 0.30 22.84� 1.23 0.20� 0.09 0.35� 0.02 10
NGC 2903 20.29� 0.30 84.47� 6.25 0.41� 0.17 0.50� 0.01 12.03
NGC 2950 20.50� 0.25 26.04� 1.83 0.28� 0.12 0.35� 0.01 14.44
NGC 3031 19.55� 0.13 161.38� 4.97 0.22� 0.07 0.41� 0.00 68.08
NGC 3115 18.93� 0.27 50.52� 4.99 0.56� 0.11 0.60� 0.04 54.52
NGC 3166 18.28� 0.20 13.66� 1.26 0.41� 0.23 0.27� 0.03 7.22
NGC 3169 20.49� 0.15 44.86� 1.85 0.34� 0.12 0.35� 0.06 19.85
NGC 3185 19.97� 0.18 18.57� 1.05 0.26� 0.12 0.39� 0.01 3.74
NGC 3198 21.60� 1.08 135.55� 68.50 0.35� 0.14 0.61� 0.03 22.25
NGC 3245 20.07� 0.18 21.92� 1.64 0.23� 0.11 0.44� 0.03 8
NGC 3259 19.86� 0.18 13.12� 0.59 0.28� 0.19 0.36� 0.02 2.62
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Table 4.3 (cont’d)

Identifier � D(V) h
� �

b � � �
D � rb=d

mag arcsec−2 arcsec

NGC 3277 23.50� 1.16 57.77� 14.99 0.13� 0.05 0.25� 0.01 38
NGC 3338 20.07� 0.19 38.37� 2.25 0.20� 0.16 0.42� 0.01 3
NGC 3351 20.61� 0.40 57.21� 7.12 0.18� 0.11 0.19� 0.03 13.84
NGC 3368 20.72� 0.32 82.23� 6.04 0.38� 0.14 0.32� 0.01 33.58
NGC 3423 20.50� 0.13 45.44� 3.06 0.15� 0.14 0.17� 0.01 4.37
NGC 3521 18.80� 0.41 44.05� 9.56 0.34� 0.11 0.46� 0.01 7.83
NGC 3593 19.87� 0.52 38.81� 5.41 0.49� 0.17 0.60� 0.01 17.29
NGC 3627 19.01� 0.28 58.43� 3.80 0.38� 0.11 0.54� 0.01 14.39
NGC 3642 18.99� 0.28 18.00� 1.92 0.14� 0.08 0.07� 0.01 6.92
NGC 3885 19.84� 0.37 27.22� 2.77 0.34� 0.16 0.55� 0.01 11.83
NGC 3898 21.21� 0.91 43.79� 11.96 0.32� 0.10 0.43� 0.00 40.59
NGC 3992 20.38� 0.25 78.19� 10.79 0.22� 0.09 0.46� 0.00 12.33
NGC 4030 19.32� 0.31 27.01� 2.00 0.13� 0.09 0.22� 0.01 10.03
NGC 4062 20.06� 0.12 37.11� 1.40 0.37� 0.30 0.46� 0.02 2.21
NGC 4152 18.90� 0.15 10.72� 0.50 0.58� 0.22 0.27� 0.02 2.81
NGC 4203 20.44� 0.35 28.96� 2.75 0.11� 0.08 0.11� 0.01 14.89
NGC 4245 20.42� 0.52 26.58� 2.56 0.16� 0.09 0.29� 0.02 14.04
NGC 4258 19.83� 0.14 101.83� 6.26 0.57� 0.15 0.51� 0.02 25.26
NGC 4260 20.11� 0.31 22.98� 1.74 0.23� 0.09 0.47� 0.00 7.97
NGC 4274 20.04� 0.19 45.18� 2.81 0.43� 0.16 0.40� 0.05 10.83
NGC 4314 19.09� 0.20 23.95� 0.79 0.18� 0.11 0.25� 0.02 6.62
NGC 4340 20.63� 0.36 30.97� 3.60 0.10� 0.06 0.31� 0.01 11.73
NGC 4371 21.00� 0.13 44.95� 1.63 0.30� 0.14 0.35� 0.04 17.44
NGC 4379 20.31� 0.48 11.33� 1.57 0.12� 0.09 0.18� 0.01 -
NGC 4380 20.68� 0.14 31.84� 1.41 0.22� 0.16 0.43� 0.00 4
NGC 4394 19.70� 0.24 27.22� 2.03 0.12� 0.08 0.33� 0.05 9.63
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Table 4.3 (cont’d)

Identifier � D(V ) h
� �

b� � �
D � rb=d

mag arcsec−2 arcsec

NGC 4448 20.19� 0.72 30.52� 4.74 0.26� 0.12 0.51� 0.03 14.04
NGC 4489 20.81� 0.25 16.77� 1.07 0.09� 0.07 0.10� 0.00 9.78
NGC 4501 19.34� 0.17 46.81� 2.88 0.17� 0.16 0.48� 0.00 4
NGC 4536 20.99� 0.16 70.61� 7.24 0.41� 0.14 0.53� 0.01 9.63
NGC 4564 19.21� 0.25 18.73� 1.47 0.24� 0.08 0.54� 0.02 13.09
NGC 4569 19.77� 0.11 69.15� 3.36 0.48� 0.16 0.56� 0.01 6.67
NGC 4570 18.67� 0.18 22.90� 0.98 0.31� 0.10 0.65� 0.01 8.83
NGC 4579 20.19� 0.31 47.62� 2.82 0.22� 0.12 0.23� 0.01 26.06
NGC 4639 20.57� 0.49 26.97� 4.22 0.20� 0.10 0.37� 0.01 8.79
NGC 4660 19.83� 0.82 11.57� 2.79 0.38� 0.11 0.35� 0.04 -
NGC 4698 21.70� 0.47 53.35� 5.26 0.16� 0.07 0.36� 0.04 13.09
NGC 4725 20.63� 0.27 87.05� 5.33 0.14� 0.07 0.41� 0.01 10.5
NGC 4736 18.08� 0.76 29.93� 9.41 0.17� 0.09 0.18� 0.04 17.89
NGC 4772 21.15� 0.36 44.70� 5.00 0.07� 0.05 0.38� 0.03 15
NGC 4826 18.89� 0.14 60.48� 2.29 0.24� 0.08 0.44� 0.00 11.23
NGC 4941 20.17� 0.18 31.39� 1.89 0.32� 0.14 0.41� 0.03 6.22
NGC 5055 20.26� 8.87 99.75� 173.35 0.32� 0.14 0.44� 0.01 40.69
NGC 5194 19.87� 0.10 86.82� 3.42 0.16� 0.12 0.22� 0.04 22.55
NGC 5273 20.05� 0.21 21.16� 1.27 0.14� 0.08 0.14� 0.00 6.47
NGC 5879 20.12� 0.19 33.03� 1.74 0.41� 0.16 0.64� 0.00 9
NGC 5970 19.20� 0.51 23.18� 2.94 0.24� 0.13 0.37� 0.00 5.92
NGC 6744 19.68� 0.22 134.85� 15.12 0.19� 0.10 0.45� 0.03 15
NGC 6946 20.57� 0.13 147.12� 16.83 0.37� 0.14 0.23� 0.02 7.22
NGC 7177 19.56� 0.42 18.84� 1.56 0.39� 0.13 0.31� 0.00 10.68
NGC 7217 20.47� 0.53 38.81� 4.57 0.08� 0.07 0.09� 0.00 19.45
NGC 7457 20.02� 0.19 26.89� 1.23 0.25� 0.12 0.44� 0.01 6.62
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Table 4.3 (cont’d)

Identifier � D(V) h
� �

b� � �
D � rb=d

mag arcsec−2 arcsec

NGC 7743 20.63� 0.22 24.89� 1.98 0.09� 0.08 0.24� 0.04 5
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4.7 Profiles And Images Of Sample Galaxies

Here we show all bulge-disk decompositions reported on in this paper. All profiles are

plotted againstr1� 4 in arcseconds. As stated earlier we do not fit nuclei, bars, rings, lenses,

and other distortions to to surface brightness profile. Those data points included in the

fitting are represented by filled circles, those not includedin the fitting are represented by

open circles. We also show representations of the model fit tothe galaxies, as black lines.

We show the Sérsic function bulge, the exponential disk, andthe combination (equation 1).

Each figure gives the name of the galaxy, the Hubble type, the total absolute V-

band magnitude, the Sérsic index of the bulge, the root-mean-squared deviation of the fit

(in magnitudes arcsec−2), and the classification of the bulge. We also note (in the lower left)

the region of the fit, and any data not included is noted as well.

For each galaxy we also show an image of the galaxy. Each imageindicates the

telescope from which is came, and the filter used for the image. The images are shown such

that readers can associate those structures not fit with structures in the images (such as bar).
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Figure 4.16 Plot axes and symbols are same as in Fig. 4.4.
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Figure 4.15 Cont. Plot axes and symbols are same as in Fig. 4.4
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Figure 4.15 Cont. Plot axes and symbols are same as in Fig. 4.4
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4.8 Choice Of Fitting Range: Nuclear Deviations

Nuclear star cluster (nuclei) are commonly found in intermediate and late-type galaxies

(Carollo et al., 2002; Böker et al., 2002). They are often easily distinguished from the

bulge; they have much smaller effective radii and have higher effective surface brightness.

When carrying out bulge-disk decompositions nuclei must beaccounted for in some way.

If included in the fit, a nucleus will increase the bulge Sérsic index,nb.

Nuclei are quite compact; their surface brightness profilesfall off rapidly with ra-

dius. Thus, one can exclude the region of the surface brightness profile from the fit to Eq. 1,

with out loosing much of the dynamic range of the fit. An alternative method is to include

an extra component in the fitting routine (e.g. Balcells et al., 2003). We feel both are good

methods, and both have advantages and disadvantages. For simplicity, we choose to remove

the nucleus from the fit.

In Fig. 4.16 we show how we choose the radius over which the nuclear component

is excluded from the fit. First, a decomposition is attemptedusing the entire profile. A

significant deviation (� 0�3 mag arcsec−2) in from the fit in the center of the galaxy is

interpreted as indicative of a nucleus. The desire is to find the radius at which the galaxy

begins to be well described by an inner Sérsic bulge plus outer exponential disk; thus we

move the fitting radius to the first point at which the deviation is within a 0.1 mag arcsec−2,

which is the typical root-mean-squared deviation of galaxies in our fit.

In Fig. 4.16 we show a range of examples of this process. In each panel the red lines

indicate the residuals of the initial fit without accountingfor the nucleus, and the black lines

indicate the residuals of the final fit. Other colors indicateintermediate iterations (yellow,

green, blue, and cyan). NGC 4579 shows a very small nucleus that converges to a small

residual quite quickly. On the contrary, NGC 1566 shows a very large nucleus, and without

an objective method, the choice of the fitting region may be somewhat arbitrary. In each

of these a key characteristic is that subsequent fits not onlyshow smaller deviation in the

center, but also have smaller residuals over the entire profile. NGC 2841 shows an example
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in which the overall residual drives us to choose to exclude alarger radius from the fit.

The second fit (the yellow line) shows large residuals with apparent sub-structure. This is

interpreted as indicating the presence of a nucleus, which is removed from the fit.

NGC 5055 is a special case, illustrated in Fig. 4.17. This galaxy has an unusually

bright nucleus for an intermediate type galaxy (left panel of Fig. 4.17). Also, the nuclear

component extends over a larger fraction of the galaxy’s radius than is typical. The alter-

native interpretation is that this nucleus is the bulge, andit is surrounded by a lens that is

apparent in the surface brightness profile (right panel of Fig. 4.17). The first interpretation

results in a lower RMS deviation, and we choose this one. We donote that in this case, the

choice of a nucleus is coincident with our result in this paper; that pseudobulges typically

have smaller Sérsic index. It is entirely possible that thisgalaxy is another example of a

system with both a classical and pseudobulge. A more detailed study may be necessary to

understand this galaxy.

4.9 Choice Of Fitting Range: Bars, Rings, and Lenses

We now consider the effects of not including non-nuclear deviations to the surface bright-

ness profiles such as bars and rings in galactic disks. This practice is largely subjective.

Also, this practice assumes that the shapes of underlying bulges and disks in barred galax-

ies are not fundamentally different than those without bars, effectively treating the bars as

additional components. Alternative methods, such as parameterization of the bar, and 2-D

fitting are possible, but each has its shortfalls.

Here we investigate the effects and biases of our choice to remove significant de-

viations to the initial best fit bulge-disk decomposition (Eq. 1) for each galaxy. These de-

viations are most commonly bars; however many other phenomena including rings, bright

spiral structure, and lenses lead to similar deviations from the smooth fit. Also, it is some-

times the case that a bar is easily evident in an image, yet it is not identifiable in the profile.

However, we can typically identify bars with increases in the ellipticity profile.
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In Fig. 4.18 we show the distribution of the sizes of those regions removed from the

fits (i.e. holes). The interested reader can investigate them in Fig. 4.16; they are denoted by

vertical hatch marks and open circles. We find that holes comein two variety: those which

only affect the surface brightness of the disk, and those which affect the surface brightness

of at the location in the profile where the bulge and disk are atequal surface brightness. In

the figure� log(hole) = log(rout� hole) − log(r in � hole) wherer in � hole is where the distortion to

the surface brightness profile begins, androut� hole is where the distortion ends. Similarly,

� log( f it ) refers to the range of radius included in the fit. Fitting is done in logarithmic

radius, and thus is the more appropriate radial coordinate,in this instance. The largest

exclusion is 45% of the fit radius. The distribution of all exclusion sizes is shown as the

black outline, the distribution of bars in the outer disk is shown in cyan, and the distribution

of those occurring near the radius at which the bulge and diskare equal are shown as green

shading. It is interesting to note that those bars occurringnear the bulge, affect the dynamic

range of the fit more than those that only affect the outer disk.

We attempt to be as conservative as possible when choosing what radii to exclude.

Nonetheless it is possible that we exclude points unnecessarily. To study the effect of this,

we take four galaxies that do not have significant distortions (NGC 1325, NGC 1425,

NGC 2841, & NGC 4203) and remove points to artificially createthe effect of a bar in

the surface brightness profile. We iteratively fit the profile, and follow the effect on the fit

parameters as we increase the size of the excluded region. Weare principally interested in

the effect on the Sérsic index which is shown in Fig. 4.19. Thebreak radius,r0 in Eq. 1, is

tightly coupled withnb and thus can absorb changes to the profile, so we showr0 as well.

The result is relatively encouraging. The larger effect occurs in those fits which mimic dis-

tortions to the outer disk only. In these the general trend isto increase the Sérsic index.

This reinforces the necessity to complement high resolution data with the widest, deepest

photometry one can obtain. We note that the Fig. 4.18 shows that only a few disk-only

distortions are larger than 30% of logarithmic radial rangeof the fit, but this is enough to
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artificially increasenb as much asnb � 1. The effect of removing points near the bulge-disk

transition radius appears to affect the fit to the profile relatively little. Taking this into con-

sideration, it seems that, if anything, removing too many points is likely to drive the Sérsic

index to artificially higher values.

Now we consider the opposite scenario: what is the effect of including bars in the

fit to Eq. 1, instead of excluding them (or parameterizing them). For this test we simply

refit all profiles of galaxies in which data has been removed from the fit including the whole

range inr (yet still excluding nuclei). The results are shown in Fig. 4.20. In all panels

a one-to-one correlation is shown by a dashed line. It is no surprise that the root-mean-

squared deviation (left panel) increases when we include those deviations. This is shown

in the bottom panel of Fig. 4.20. The typical deviation in which distortions are omitted is

0.09 mag arcsec−2, yet it increases to 0.14 mag arcsec−2 when the distortion is included.

The bulge-to-total luminosity ratio appears relatively robust (middle panel). Finally The

Sérsic index (right panel) is definitely affected by including bars and other distortions in

the fit. The typical effect of including bars in the fit is to increase the Sérsic index. This is

no surprise, since more light is being included at radii beyond the half-light radius of the

bulge. The effects of increasing Sérsic index and a modest increase in scatter ofB� T are

more pronounced in higherB� T and higher Sérsic index bulges.
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Figure 4.16 Profiles of the residuals of data minus decompositions are shown for the inner-
most� 10 arcsec of eight galaxies. In each panel the red lines indicate the residuals of the
initial fit without accounting for the nucleus, and the blacklines indicate the residuals of
the final fit. Other colors indicate intermediate iterations(yellow, green, blue, and cyan).
The radius at which the fit begins is marked on each profile by a vertical mark (

�
0.1 mag

arcsec−2).
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Figure 4.17 Two separate interpretations of NGC 5055 (see text). On the left, the center is
interpreted as a nucleus. On the right, the center is interpreted as a bulge, and a shelf in the
surface brightness profile is excluded.
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Figure 4.18 Distribution of the sizes of excluded regions from fits. The distribution of all
exclusion sizes is shown as the black outline, the distribution of bars in the outer disk is
shown in cyan, and the distribution of those occurring near the radius at which the bulge
and disk are equal are shown as green shading.
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Figure 4.19 Each profile shows the affect of removing data from a profile and then fitting
equation 1 to the profile. The innermost point in each profile is the best fit to the galaxy
with no points removed. The profiles shown on the left are meant to mimic the effect of
those distortions to the bulge-disk transition region, andthe profiles on the right are meant
to mimic those distortions only affecting the outer disk.
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Figure 4.20 Left panel: Comparison of bulge Sérsic index forthose galaxies in which a
bar is removed from the fit to those in which the bar is includedin the fit. Middle panel:
The same but comparing the bulge-to-total luminosity ratio. Right panel: The same but
comparing the root-mean-squared deviation of the fit. In allplots the dashed line represents
a one-to-one correlation.
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Chapter 5

Bulges Of Nearby Galaxies With

Spitzer: Scaling Relations in

Pseudobulges and Classical Bulges1

formation rate density suggesting that long term “secular”growth may have formed pseu-

dobulges. Furthermore, those pseudobulges with highest star formation rate density are ex-

clusively found in the most massive disks, suggesting that pseudobulge growth is connected

to outer disk properties. They also find that classical bulges, however, are not forming sig-

nificant amounts of stars today. Furthermore, data from Regan et al. (2001); Helfer et al.

(2003) show that classical bulges are gas poor when comparedto their outer disk.

The shape of stellar density profiles is also thought to participate in the bulge di-

chotomy. Andredakis et al. (1995), and more recently Scarlata et al., 2004, show that the

distribution of surface brightness profile shapes of bulgesis bimodal. Also, Carollo (1999)

finds that many of the the ’amorphous nuclei’ of intermediate-type disk galaxies are better

fit by exponential profiles, rather than the traditionalr1� 4 profile. This leads Kormendy

& Kennicutt (2004), among others, to suggest that surface brightness is tied to the pseu-

1This chapter has been acepted for publication in Astrophysical Journal.
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dobulge – classical bulge dichotomy. Fisher & Drory (2008) directly test this hypothesis.

They identify pseudobulges using morphology. UsingV-band bulge-disk decompositions

they find that that 90% of pseudobulges haven � 2 and all classical bulges haven � 2.

Fisher & Drory (2008) also find that the Sérsic index of pseudobulges does not correlate

with bulge luminosity, half-light radius or bulge-to-total ratio as it does for classical bulges

and elliptical galaxies.

It is well known that elliptical galaxies follow a “fundamental plane” in parameter

space that relates size, surface density, and velocity dispersion (e.g. Djorgovski & Davis,

1987; Dressler et al., 1987; Faber et al., 1989). To lowest order, these correlations are

a consequence of the virial theorem, however small deviations from virial predictions in

slopes of these correlations represent variation in mass-to-light ratios and non-homologous

density profiles. Disks correlate differently than ellipticals in fundamental plane parameter

space (Bender et al., 1992; Kormendy et al., 2009). Yet, the location of pseudobulges

compared to that of classical bulges, elliptical galaxies and disks in structural parameter

correlations is poorly understood. Thus, knowing where pseudobulges lie with respect to

fundamental plane correlations would help in interpretingtheir structural properties.

Graham (2001),MacArthur et al. (2003), and de Jong et al. (2004) each investigate

the scaling relations of bulges, all find parameter correlations with high scatter. The Sersic

(1968) function is highly degenerate (Graham & Colless, 1997), and the dynamic range

available to fit bulges is limited. Indeed, Balcells et al. (2003) and Gadotti (2008) show that

high spatial resolution is necessary to accurately determine fit parameters when using the

Sérsic function. Accordingly, Balcells et al. (2007) uses composite HST and ground-based

data to calculate bulge-disk decompositions. The central isophotes are calculated with HST

data, providing adequate spatial resolution, and outer isophotes are calculated with ground

based data. However, this method is more labor intensive, and the the resulting data set is

smaller. They find a high probability of correlation among many structural parameters of

bulges. Nonetheless, the scatter remains high.
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Carollo (1999) finds that exponential bulges are systematically lower in effective

surface brightness than those better fit by anr1� 4-profile. Falcón-Barroso et al. (2002) find

that bulges which deviate from the edge-on projection of thefundamental plane are found in

late type (Sbc) galaxies, and it is generally assumed that pseudobulges are more common in

late-type galaxies (Kormendy & Kennicutt, 2004). Gadotti (2009) finds a large population

of pseudobulges that are much fainter in surface brightnessfor a given half-light radius than

predicted by a correlation fit to elliptical galaxies.

There is a great variety of properties which indicate the dichotomy of bulges and

motivate the association of pseudobulges with disk-like objects (Kormendy & Kennicutt,

2004). They suggest that kinematics dominated by rotation;flattening similar to that of their

outer disk; nuclear bar, nuclear ring and/or nuclear spiral; near-exponential surface bright-

ness profiles are all features of pseudobulges and not classical bulges. Recently, Fisher &

Drory (2008) use morphology to identify bulge-type and find that morphology correlates

with Sérsic index, and Gadotti (2009) uses the position in�
e − re parameter space to study

the distribution of bulge properties from SDSS data.

Yet, there is no reason to think that all pseudobulges must have a small Sérsic in-

dex, nor is necessary that no pseudobulges overlap in�
e− re parameter space with classical

bulges. In this paper, we will identify pseudobulges with multiple methods including mor-

phology, star formation, and structural properties. We will present a quantitative prescrip-

tion for identifying pseudobulges using these multiple methods, and apply that method to

all non-edge bulge-disk galaxies in the Spitzer archive within 20 Mpc. We will also use this

more robust method for identifying bulge types to study the behavior of pseudobulges in

photometric projections of the fundamental plane.

5.1 Sample

Our aim in this paper is to investigate differences in parameter correlations between pseu-

dobulges and classical bulges. In this section, we outline our sample selection process and
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investigate properties of that sample. We use data from Spitzer Space Telescope to perform

bulge-disk decompositions at 3.6� m, where the data are less affected by gradients in dust

and stellar populations than in the optical bands. Also, we use 8� m mid-IR data to esti-

mate star formation rates. Although star formation rates estimated this way are less reliable

than using, e.g., the 24� m band, the increase in spatial resolution allows us to isolate star

formation in smaller bulges and we feel that the benefits fromincrease in dynamic range

and sample size offsets the loss in star formation rates accuracy. We can thus revisit cor-

relations in previous optical work (e.g. Fisher & Drory, 2008), and those with significantly

smaller samples (e.g. Fisher et al., 2009). To minimize effects due to selection we analyze

all bulge-disk galaxies in both the RC3 and Spitzer archive sufficiently nearby to accurately

decompose the bulge.

5.1.1 Sample Selection

Many studies have found that bulges are never smaller than a few hundred parsecs (e.g.

Graham, 2001; Balcells et al., 2007; Fisher et al., 2009). Thus we set a distance limit of

20 Mpc such that all bulges in our sample will be resolved tor � 150 pc with IRAC on SST.

We cross reference the RC3 (de Vaucouleurs et al., 1991) withthe Spitzer Archive.

We select all galaxies between Hubble types S0 and Sd (as given in RC3) available in the

Spitzer Space Telescope archive within our distance limit (20 Mpc). We do not analyze

bulges later type than Sd because bulges are extremely rare in Sdm - Irr galaxies

We restrict our sample to exclude significantly inclined galaxies. We only keep

galaxies that satisfyR25 � 0�5. (R25 is the mean decimal logarithm of the ratio of the major

isophotal diameter at isophotal diameter,D25, to that of the minor axis.) This corresponds

to about 75� for an Sc spiral. This cut yields 331 galaxies. We visually identify 9 galaxies

that are highly inclined, but not excluded by theR25 criterion because of a very larger

bulge-to-total ratio. These galaxies are removed from the sample.

We only select galaxies that are free of tidal-tails, warps and asymmetries in IRAC1
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images. This is done to attempt to reduce the number of galaxies significantly affected by

interactions or mergers with other galaxies. For each galaxy, we also consider comments

in the Carnegie Atlas of Galaxies (Sandage & Bedke, 1994); galaxies described as ’amor-

phous’ and/or ’peculiar’ are scrutinized for evidence of recent or ongoing interactions. We

remove 34 galaxies due to peculiar morphology or tidal tails.

The total list that meets all of the above selection criteriais 297 galaxies. Of these

297 galaxies, 146 have adequate data in the spitzer archive.Note that a handful of galaxies

have over-exposed centers, or the galaxy is not well coveredin the Spitzer image. Those

galaxies are not included in the 146 disk galaxy sample.
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Table 5.1. Sample Galaxy Properties

Galaxy Morphologya Distanceb MB
a B−Va log(D25)a

[Mpc] [mag] [mag] log([pc])

IC342 .SXT6.. 2.58 (1) -17.96 1.10 3.90
IC749 .SXT6. 13.24 (1) -17.69 0.63 3.65
NGC0300 .SAS7.. 2.69 (1) -18.43 0.59 3.93
NGC0404 .LAS-*. 3.27 (2) -16.36 0.85 3.22
NGC0628 .SAS5.. 11.14 (1) -20.28 0.64 4.23
NGC0672 .SBS6.. 7.52 (1) -17.91 0.59 3.90
NGC0925 .SXS7.. 10.30 (1) -19.37 0.58 4.20
NGC1023 .LBT-.. 11.53 (2) -19.96 1.01 4.16
NGC1058 .SAT5.. 10.30 (1) -18.24 0.62 3.66
NGC1097 .SBS3.. 17.82 (1) -21.02 0.83 4.38
NGC1313 .SBS7.. 3.99 (1) -18.80 0.47 3.72
NGC1317 .SXR1.. 18.41 (1) -19.42 0.98 3.87
NGC1433 PSBR2.. 11.41 (1) -19.59 0.85 4.03
NGC1512 .SBR1.. 11.41 (1) -19.16 0.87 4.17
NGC1543 RLBS0.. 13.78 (1) -19.24 0.97 3.99
NGC1559 .SBS6.. 13.91 (1) -19.72 0.64 3.85
NGC1566 .SXS4.. 13.78 (1) -20.37 0.68 4.22
NGC1617 .SBS1.. 13.78 (1) -19.32 0.96 3.93
NGC1637 .SXT5.. 8.40 (1) -18.15 0.73 3.69
NGC1672 .SBS3.. 17.82 (1) -20.97 0.67 4.23
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Table 5.1 (cont’d)

Galaxy Morphologya Distanceb MB
a B−Va log(D25)a

[Mpc] [mag] [mag] log([pc])

NGC1744 .SBS7.. 14.14 (1) -19.15 0.53 4.22
NGC1808 RSXS1.. 11.39 (1) -19.54 0.82 4.03
NGC2403 .SXS6.. 3.31 (1) -18.67 0.55 4.02
NGC2500 .SBT7.. 7.49 (1) -17.17 0.58 3.50
NGC2655 .SXS0.. 20.54 (1) -20.60 0.91 4.17
NGC2685 RLB.+P. 13.45 (1) -18.52 0.93 3.94
NGC2775 .SAR2.. 14.42 (1) -19.76 0.96 3.95
NGC2841 .SAR3*. 8.96 (1) -19.67 0.93 4.03
NGC2903 .SXT4.. 8.16 (1) -19.88 0.71 4.17
NGC2950 RLBR0.. 20.62 (1) -19.73 0.92 3.91
NGC2964 .SXR4*. 19.90 (1) -19.50 0.75 3.92
NGC2976 .SA.5P. 3.31 (1) -16.78 0.66 3.45
NGC2997 .SXT5.. 10.98 (1) -20.14 0.93 4.15
NGC3031 .SAS2.. 3.91 (2) -20.07 0.99 4.18
NGC3032 .LXR0.. 19.66 (1) -18.29 0.63 3.76
NGC3156 .L...*. 14.82 (1) -17.78 0.75 3.62
NGC3184 .SXT6.. 9.11 (1) -19.44 0.66 3.99
NGC3185 RSBR1.. 16.53 (1) -18.10 0.82 3.75
NGC3190 .SAS1P/ 16.53 (1) -18.97 0.98 4.02
NGC3198 .SBT5.. 9.11 (1) -18.93 0.62 4.05
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Table 5.1 (cont’d)

Galaxy Morphologya Distanceb MB
a B−Va log(D25)a

[Mpc] [mag] [mag] log([pc])

NGC3319 .SBT6. 9.11 (1) -18.32 0.48 3.91
NGC3344 RSXR4. 8.16 (1) -19.11 0.67 3.92
NGC3351 .SBR3. 8.57 (1) -19.13 0.85 3.97
NGC3368 .SXT2. 8.57 (1) -19.55 0.94 3.98
NGC3384 .LBS-*. 8.57 (1) -18.81 0.95 3.84
NGC3412 .LBS0.. 8.57 (1) -18.21 0.92 3.66
NGC3486 .SXR5. 8.62 (1) -18.63 0.61 3.95
NGC3489 .LXT+.. 8.57 (1) -18.54 0.84 3.65
NGC3511 .SAS5. 12.32 (1) -18.92 0.59 4.01
NGC3521 .SXT4. 8.15 (1) -19.73 0.88 4.11
NGC3593 .SAS0*. 8.76 (1) -17.85 0.98 3.83
NGC3621 .SAS7. 7.88 (1) -19.20 0.62 4.15
NGC3675 .SAS3. 10.68 (1) -19.14 0.94 3.96
NGC3726 .SXR5. 13.24 (1) -19.70 0.49 4.07
NGC3906 .SBS7. 19.30 (3) -17.94 ... 3.72
NGC3938 .SAS5. 13.24 (1) -19.71 0.62 4.01
NGC3941 .LBS0.. 12.85 (1) -19.29 0.93 3.81
NGC3945 RLBT+.. 18.96 (1) -19.59 0.97 4.16
NGC3953 .SBR4. 13.24 (1) -19.77 0.86 4.12
NGC3982 .SXR3* 13.24 (1) -18.84 ... 3.65

194



Table 5.1 (cont’d)

Galaxy Morphologya Distanceb MB
a B−Va log(D25)a

[Mpc] [mag] [mag] log([pc])

NGC3990 .L..-*/ 13.24 (1) -17.18 0.91 3.43
NGC4020 .SB.7? 11.15 (1) -16.85 ... 3.53
NGC4117 .L..0*. 12.10 (3) -16.31 ... 3.50
NGC4136 .SXR5. 12.48 (1) -18.43 ... 3.86
NGC4138 .LAR+.. 13.24 (1) -18.45 0.86 3.69
NGC4150 .LAR0$. 13.74 (1) -18.25 0.82 3.67
NGC4203 .LX.-*. 15.14 (2) -19.10 0.90 3.87
NGC4237 .SXT4. 14.28 (1) -18.26 0.87 3.64
NGC4254 .SAS5.. 14.28 (1) -20.33 0.65 4.05
NGC4258 .SXS4. 8.17 (1) -20.46 0.77 4.34
NGC4267 .LBS-$. 14.28 (1) -18.91 0.97 3.83
NGC4274 RSBR2. 12.48 (1) -19.14 0.97 4.09
NGC4293 RSBS0.. 14.63 (1) -19.57 0.94 4.08
NGC4294 .SBS6. 14.28 (1) -18.24 0.51 3.83

aTaken from RC3
bDistance References: (1)- Tully & Fisher (1988b) (2)- Tonryet al.

(2001) (3)-de Vaucouleurs et al. (1991)
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Table 5.2. Table 1 Continued

Galaxy Morphologya Distanceb MB
a B−Va log(D25)a

[Mpc] [mag] [mag] log([pc])

NGC4303 .SXT4.. 19.77 (1) -21.30 0.63 4.27
NGC4314 .SBT1. 12.48 (1) -19.05 0.87 3.88
NGC4321 .SXS4.. 14.28 (1) -20.72 0.71 4.19
NGC4371 .LBR+.. 14.28 (1) -18.98 0.99 3.92
NGC4380 .SAT3* 14.28 (1) -18.11 0.89 3.86
NGC4394 RSBR3. 14.28 (1) -19.04 0.90 3.88
NGC4413 PSBT2* 14.28 (1) -18.52 0.66 3.69
NGC4414 .SAT5$ 12.48 (1) -19.52 0.87 3.82
NGC4419 .SBS1. 14.28 (1) -18.69 0.95 3.84
NGC4421 .SBS0.. 14.28 (1) -18.30 0.89 3.75
NGC4424 .SBS1* 14.28 (1) -18.43 0.69 3.88
NGC4442 .LBS0.. 14.28 (1) -19.39 0.97 3.98
NGC4448 .SBR2. 12.48 (1) -18.48 0.88 3.85
NGC4450 .SAS2.. 14.28 (1) -19.87 0.90 4.04
NGC4457 RSXS0.. 10.22 (1) -18.29 0.88 3.60
NGC4491 .SBS1* 5.90 (3) -15.35 0.79 3.16
NGC4498 .SXS7.. 14.28 (1) -17.98 ... 3.79
NGC4501 .SAT3.. 14.28 (1) -20.41 0.87 4.16
NGC4519 .SBT7. 14.28 (1) -18.43 0.52 3.82
NGC4526 .LXS0*. 14.28 (1) -20.11 0.97 4.18
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Table 5.2 (cont’d)

Galaxy Morphologya Distanceb MB
a B−Va log(D25)a

[Mpc] [mag] [mag] log([pc])

NGC4548 .SBT3. 19.23 (2) -20.46 0.89 4.18
NGC4559 .SXT6. 12.48 (1) -20.02 0.48 4.29
NGC4569 .SXT2. 14.28 (1) -20.51 0.79 4.30
NGC4571 .SAR7. 14.28 (1) -18.95 0.51 3.88
NGC4578 .LAR0*. 18.54 (2) -18.96 0.92 3.95
NGC4580 .SXT1P 14.63 (1) -19.00 0.83 3.65
NGC4605 .SBS5P 5.53 (1) -17.82 0.52 3.67
NGC4612 RLX.0.. 14.28 (1) -18.87 0.89 3.71
NGC4639 .SXT4. 16.63 (1) -18.86 0.78 3.82
NGC4651 .SAT5. 14.28 (1) -19.38 0.75 3.92
NGC4654 .SXT6. 14.28 (1) -19.67 0.65 4.01
NGC4688 .SBS6. 10.28 (1) -16.55 ... 3.67
NGC4689 .SAT4.. 14.28 (1) -19.17 0.65 3.95
NGC4698 .SAS2. 14.28 (1) -19.31 0.94 3.92
NGC4701 .SAS1. 10.22 (1) -17.25 0.52 3.61
NGC4713 .SXT7. 17.91 (1) -19.08 0.45 3.85
NGC4725 .SXR2P 13.24 (1) -20.50 0.90 4.31
NGC4736 RSAR2. 4.23 (1) -19.14 0.83 3.84
NGC4808 .SAS6* 10.22 (1) -17.70 0.68 3.61
NGC4941 RSXR2* 5.53 (1) -16.81 0.92 3.47
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Table 5.2 (cont’d)

Galaxy Morphologya Distanceb MB
a B−Va log(D25)a

[Mpc] [mag] [mag] log([pc])

NGC4984 RLXT+.. 16.20 (1) -18.80 0.91 3.81
NGC5005 .SXT4. 13.29 (1) -20.01 0.75 4.05
NGC5033 .SAS5. 13.29 (1) -19.87 0.75 4.32
NGC5055 .SAT4. 7.83 (1) -20.16 0.80 4.16
NGC5068 .SXT6. 6.99 (1) -18.52 0.64 3.87
NGC5128 .L...P. 4.21 (2) -20.28 1.00 4.20
NGC5194 .SAS4P 7.83 (1) -20.51 0.69 4.11
NGC5236 .SXS5. 7.83 (1) -21.27 0.72 4.17
NGC5248 .SXT4. 14.79 (1) -19.88 0.65 4.12
NGC5273 .LAS0.. 16.52 (2) -18.65 0.86 3.82
NGC5338 .LB..*. 10.79 (3) -16.11 ... 3.60
NGC5457 .SXT6. 5.03 (1) -20.20 0.56 4.32
NGC5474 .SAS6P 5.03 (1) -17.23 0.53 3.54
NGC5585 .SXS7. 5.03 (1) -17.31 0.46 3.62
NGC5643 .SXT5. 15.13 (1) -20.16 0.81 4.00
NGC5832 .SBT3$ 12.51 (1) -16.88 0.58 3.83
NGC5879 .SAT4* 12.63 (1) -18.29 0.71 3.88
NGC5949 .SAR4$ 12.51 (1) -17.58 ... 3.61
NGC6207 .SAS5. 14.88 (1) -18.70 0.54 3.81
NGC6300 .SBT3. 12.27 (1) -19.46 0.86 3.90
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Table 5.2 (cont’d)

Galaxy Morphologya Distanceb MB
a B−Va log(D25)a

[Mpc] [mag] [mag] log([pc])

NGC6503 .SAS6. 5.53 (1) -17.80 0.75 3.76
NGC6684 PLBS0.. 10.06 (1) -18.70 0.95 3.77
NGC6744 .SXR4. 10.06 (1) -20.87 0.86 4.47
NGC7177 .SXR3. 19.75 (1) -19.47 0.90 3.95
NGC7217 RSAR2. 16.63 (1) -20.08 0.98 3.97
NGC7331 .SAS3. 15.50 (1) -20.60 0.97 4.37
NGC7457 .LAT-$. 13.24 (2) -18.52 0.90 3.91
NGC7713 .SBR7* 9.32 (1) -18.34 0.32 3.78
NGC7741 .SBS6. 13.81 (1) -18.86 0.56 3.94
NGC7793 .SAS7. 2.69 (1) -17.52 0.51 3.56
UGC10445 .S..6? 12.90 (1) -16.52 0.63 3.71

aTaken from RC3
bDistance References: (1)- Tully & Fisher (1988b) (2)- Tonryet al.

(2001) (3)-de Vaucouleurs et al. (1991)

5.1.2 The Control Set: Virgo Cluster Ellipticals

We also wish to compare the location of pseudobulges and classical bulges in parameter

space to that of elliptical galaxies. We therefore include aset of elliptical galaxies as a

control sample. A problem for calculating Sérsic fits to elliptical galaxies is that resulting

parameters are highly dependent on both spatial resolution(for low luminosity elliptical

galaxies) and field-of-view (for high luminosity ellipticals). Yet near-IR HST archival data

is not necessarily available, and typical data in the Spitzer archive do not always cover the

entire galaxy. Furthermore, to assure a unbiased comparison we wish to have a complete

set of elliptical galaxies.

We use the elliptical galaxy sample and data from Kormendy etal. (2009). Kor-

mendy et al. (2009) determines surface photometry for all elliptical galaxies in the Virgo

cluster. They constructV band surface brightness profiles composite data sets of HST and
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ground based data. To reduce the affects of sky subtraction errors and smearing due to point

spread functions, Kormendy et al. (2009) capitalized on thewealth of published data avail-

able on Virgo ellipticals. Therefore galaxies in their sample tend to have many different

data sources which are averaged together. As well, the add extremely deep new observa-

tions from the McDonald 0.8 m telescope, frequently reaching 30V mag arcsec−2.

We use the half-light radius,re, and Sérsic index,n, directly from the fits in Ko-

rmendy et al. (2009). For luminosity and surface-brightness we shift the measurement in

Kormendy et al. (2009) to account for theV −L color,L designating the magnitude in IRAC

channel 1. This carries an implicit assumption that color gradients in elliptical galaxies av-

erage to zero. Though not exactly true, this assumption is supported by relatively flatg− z

profiles in Kormendy et al. (2009). If a galaxy has 3.6� m data in the Spitzer archive we

calculate the luminosity at 3.6� m, and we integrate theV-band profile to the maximum

isophotal radius observed in the 3.6� m profile; this yieldsV − L for that galaxy. For those

elliptical galaxies that do not have data in the Spitzer archive, we use the averageV − L of

the rest of the elliptical galaxies in the sample. The root-mean-squared deviation ofV − L

about the mean is 0.5 mags. Therefore, differences of less than half a magnitude will be

considered less significant in our analysis. It is well knownthat fainter elliptical galaxies are

more blue, however Bower et al. (1992) find that the correction is roughly
�

0.2 mag, which

is small enough to be negligible for our purposes. The elliptical galaxy sample consists of

27 galaxies, therefore the total sample is increased to 173 galaxies.

5.1.3 Sample Properties and Completeness

Table 1 lists the properties of our sample galaxies. In Fig. 5.1 we compare our sample

properties to the those of the complete RC3. (Note, at our distance limit the RC3 is complete

to MB � −16�5 B-mag.) From top to bottom, the properties shown are distance, RC3 T-type,

absoluteBT magnitude, and the size (in parsecs) of the isophote at 25 B-mags arcsec−2.

Our sample is complete within 9 Mpc, and 75% complete within 13 Mpc. Beyond
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Figure 5.1 Histograms of (from top to bottom) distance, T-type taken from RC3, absolute
BT magnitude, and the radial size of the�

B = 25 mag arcsec−2. The open histograms in-
dicate the complete RC3 data, and the shaded histograms represent the sample from the
Spitzer archive.
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13 Mpc the Spitzer coverage becomes very incomplete. Overall, the available data in the

Spitzer archive yields the inclusion of half the galaxies that meet our selection criteria in

the RC3.

Hubble type correlates withB� T (Simien & de Vaucouleurs, 1986), and thus pro-

vides an important tool for identifying biases among bulge samples. The second panel from

the top in Fig. 5.1 shows the distribution of T-types in our sample. Our sample distribution

appears very similar to that of the complete RC3. Our selection is fairly independent of

Hubble type, with a dip at S0/a (T = 0). There is a slight bias in the sense that more galaxies

are missing at later Hubble types Sbc-Scd (T = 4− 6).

We are missing more galaxies that are smaller. Comparing oursample to the RC3

we find that our sample includes 66% of galaxies larger than one standard deviation from

the mean D25, 52% of those within one standard deviation, andonly 29% of galaxies

below one standard deviation. However, our sample includesgalaxies in the extremes of

the distribution. For the purpose of this paper, our sample adequately covers the properties

of the complete RC3 distribution.

5.1.4 Data Sources and the Higher Quality Data Set

Including the entire Spitzer archive of bulge-disk galaxies out to 20 Mpc means that our

data come from a variety of campaigns, each with separate goals and often differing obser-

vational strategies. A few notable surveys comprise of the vast majority of galaxies in our

sample: the SINGS survey (Kennicutt et al., 2003), the nearby bulge survey (Fisher et al.,

2009), and the local volume survey (Dale et al., 2009).

For the analysis in subsequent sections, we define a subset ofour sample of higher-

quality data. We do this so that we can make sure that bulges with low signal-to-noise or

bright Seyfert nuclei do not cause us to miss correlations that would be seen with better

data. The criteria we use for creating the high-quality datasample are as follows:

1. - Availability of optical images from HST for morphological classification, as
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described below. Of the complete sample, 24 galaxies do not have optical HST images.

2. - B� T � 1% and radius at which the Sérsic bulge and the exponential disk equal

in surface brightness,rb=d, be greater than twice the PSF of the surface brightness profile.

In this cut, 19 galaxies are removed.

3. - Finally we remove any galaxies with a prominent active galactic nucleus

(AGN); this is to ensure that the mid-IR color is not skewed bynon-thermal emission.

Most of these galaxies do not make it into the sample to begin with, because the AGN

typically results in overexposed IRAC images. To identify the remaining AGN, we use the

same method used by Fisher et al. (2009). We measure the cuspiness of the 8� m profile by

measuring the ratio of the flux within 2 arcseconds (200 pc at 20 Mpc) to that of the entire

galaxy. We only include those galaxies with flux ratio less than 15%. Of the remaining sam-

ple, 10 haveL8(r � 2”) � L8(total) � 15%, leaving the clean sample at 94 galaxies. We note

that this criterion may bias our sample against extremely cuspy and compact bulges. How-

ever, galactic nuclei contain less than 1% of galaxy stellarlight (Phillips et al., 1996). An

object containing more than 15% of the stellar light within 200 pc lies outside any known

parameter correlation of galactic components.

5.2 Methods

5.2.1 Calculation Of Surface Brightness Profiles

We use post basic calibrated data images taken on the SpitzerSpace Telescope with IRAC

channel 1, centered at 3.6� m, to measure the light profiles of galaxies in our sample. When

available, we also use HST NICMOS data, typically in the F160W filter.

We calculate sky values by fitting a 2nd order surface to the areas of the image not

covered by galaxy light. Then we subtract the surface from the image. In some cases there

is not enough area on the image that is not affected by galaxy light to constrain the surface

fit. In these cases, we take a mean value in an unaffected region of the image, and then we
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compare the resulting profile from the 3.6� m with one calculated on 2MASS (Skrutskie

et al., 2006)H-band images, which allow for more accurate sky subtraction. If the 3.6� m

profile is significantly different, we determine the sky again using a different region of the

image. At 3.6� m the sky values are very near zero, and typically of not much concern. For

the 8.0� m channel, “sky” (which is most likely diffuse emission fromthe Milky Way) is

more important. Typical uncertainties from sky subtraction are 0.3 mag for the IRAC CH1

and 0.1 mag for IRAC CH4.

We use the isophote fitting routine of Bender & Moellenhoff (1987) to generate

ellipse fits. First, interfering foreground objects are identified in each image and masked

manually. Then, isophotes are sampled by 256 points equallyspaced in an angle� relating

to polar angle by tan� = a� b tan� , where� is the polar angle andb� a is the axial ratio.

An ellipse is then fitted to each isophote by least squares. The software determines six

parameters for each ellipse: relative surface brightness,center position, major and minor

axis lengths, and position angle along the major axis. We combine HST and SST data by

shifting the zero-point of the NICMOS data to match the IRAC profile. The two profiles

are then averaged, to construct a composite HST+SST IR profile.

5.2.2 Sérsic Fitting

We determine bulge and disk parameters by fitting each surface brightness profile with a

one-dimensional Sérsic function plus an exponential outerdisk,

I(r) = I0 exp
�
−(r � r0)

1� nb � + Id exp �−(r � h)� � (5.1)

whereI0 and r0 represent the central surface brightness and scale length of the bulge,Id

andh represent the central surface brightness and scale length of the outer disk, andnb

represents the bulge Sérsic index. The half-light radius,re, of the bulge is obtained by

convertingr0,

re = (bn)
nr0 � (5.2)
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where the value ofbn is a proportionality constant defined such that� (2n) = 2� (2n� bn). �

a& � are the complete and incomplete gamma functions, respectively. We use the approxi-

mationbn � 2�17nb − 0�355. We restrict our range in possible Sérsic indices tonb � 0�33 to

ensure that the approximation is accurate. A more precise expansion is given in MacArthur

et al., 2003. The average surface-brightness within the half-light radius, � �
e � , is given

by

� �
e � = m3�6 + 2�5log(� r2

e) (5.3)

Wherem3�6 is the magnitude in 3.6� m. We adjust all luminosities by the average ellipticity

in the region in which that parameter dominates the light. (Also, see Graham & Driver,

2005 for a review of the properties of the Sérsic function.)

Despite its successes, the Sérsic bulge plus outer exponential disk model of bulge-

disk galaxies does not account for many features of galaxy surface brightness profiles. Disks

of intermediate type galaxies commonly have features such as bars, rings, and lenses (see

Kormendy, 1982 for a description of these). Further, Carollo et al. (2002) show that many

bulges of early and intermediate-type galaxies contain nuclei. Bars, rings, lenses, and sim-

ilar features do not conform to the smooth nature of Eq. 1, hence we carefully exclude

regions of the profile perturbed by such structures from the fit. This is a subjective proce-

dure, as it requires selectively removing data from a galaxy’s profile, and undoubtedly has

an effect on the resulting parameters. We are often helped toidentify bars by the structure

of the ellipticity profile, as described in Jogee et al. (2004) and also Marinova & Jogee

(2007). For a detailed description of this procedure, and analysis of its effects see the ap-

pendix of Fisher & Drory (2008). They find that not accountingfor bars can have the affect

of increasingnb by at most 0.5. For those galaxies in which a bar is present, itis our as-

sumption that removing the bar from the fit provides the best estimation of the properties of

the underlying bulge and disk. All of our fits are given in tabular form in Table A1 in the

appendix A2, and also shown as figures in appendix A2.
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5.2.3 Non-parametric Determination of Bulge Luminosity

In addition to Sérsic fitting we determine the bulge luminosity by a non-parametric method

to obtain a second estimate of bulge luminosity and surface density. To isolate the light from

the bulge, we must subtract underlying disk light. For this purpose, we fit an exponential

profile Iexp(r) = I0exp(−r � h) to the major-axis surface brightness profile of the outer part of

the galaxy. The range included in the exponential fit is determined iteratively. Typically, this

exponential fit is determined on isophotes with radii largerthan the radius which includes

20% of the light. Bars are masked as usual. Note this fit is independent of the fit described in

Eq. 1. To account for the variable ellipticity profiles of these disk galaxies we take the mean

ellipticity for each component and adjust the luminosity accordingly: Ldisk = (1− �
� )Lexp.

We then calculate the inward extrapolation of the fit to the central (or bulge) region; thus

Lbulge= L(r � RXS) − Ldisk(r � RXS) whereRXS is the radius containing the light that is in

excess of the inward extrapolation of the outer exponential.

5.2.4 The Effects of Including NICMOS F160W Data

We include HST/NICMOS F160W images in the analysis for all galaxies with available

archival data. This is done because it increases dynamic fitting range on the bulge. The

composite profile is NICMOS data for r<1.22 arcsec, and IRAC 3.6 � m data at larger radii.

Inclusion of the NICMOS data may affect the results in two ways.

First, this procedure assumes a color gradient of zero fromL-band toH-band in our

bulges. This assumption introduces a source of uncertainty, yet allows for a more complete

description of the stellar light profile. To quantify this uncertainty we calculate the entire

radial surface brightness profile inH-band using NICMOS and 2MASS data. We then shift

that profile to have the same zero point as the IRAC 3.6� m profile, and then calculate

the bulge luminosity, which we callL3�6(H). The error in luminosity due to the stitching is

the differenceL3�6 − L3�6(H) scaled by the the fraction of light that comes from the shifted

NICMOS F160W data:
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Figure 5.2 Comparison of Sérsic parameters derived on galaxies including NICMOS and
IRAC data to parameters fit to the same galaxies only including IRAC data. From top to
bottom, the comparisons shown are Sérsic index, half-lightradius, and bulge-to-total ratio.
The open symbols indicate galaxies for which the inner radius at which fitting begins is
larger than the natural scale-length of IRAC.
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� Lstitch
� L3�6 − L3�6(H) � L3�6(r � 1�22”)� L3�6 � (5.4)

This error is typically less than 5% and rarely larger than errors from other sources,

such as fitting uncertainty. We use NICMOS data because it is our experience that the high

resolution data increases accuracy, even if precision is compromised slightly.

Second, Balcells et al. (2003) find that adding ground based profiles with HST data

systematically affects Sérsic index, making it smaller. This effect is certainly distance de-

pendent. Our distance limit is 20 Mpc, closer than most galaxies in Balcells et al. (2003),

and likely is nearby enough to prevent this from affecting our profiles. Nonetheless, we

carry out a test to determine if any such bias is present.

We re-fit all galaxies that have both HST and SST images. In this second fit we do

not include isophotes that have smaller major axis than the half width of the point spread

function of IRAC 3.6� m, which is 1.5 arcsec. In most galaxies, we keep all other in-

put parameters exactly the same. However, the� 2 space of bulge-disk decomposition that

includes a Sérsic bulge can be very complicated and highly degenerate, in some cases re-

duction of the fit range resulted in independent minima in parameter space. In those cases

we are forced to reduce the allowable parameter range accordingly.

Fig. 5.2 shows the comparison of parameters from decomposition of IRAC-only

isophotes to those derived combining NICMOS and IRAC data. The top panel shows Sérsic

index, the middle panel half-light radius, and the bottom panel bulge-to-total light ratio. In

each panel a solid line representing the line of equality is plotted. Bulges in which the inner

cut in the fitting range is larger than the plate scale of IRAC are denoted as open circles, all

other bulges are denoted as closed circles. We do not includegalaxies withB� T � 0�01, as

there parameters are too poorly constrained to be meaningful.

In all properties there is good agreement between both methods of decomposition.

Bulge-to-total ratio appears to be the most robust quantity. This is likely due to the degen-

eracy between surface brightness, radius, and Sérsic indexwith respect to bulge magnitude.
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Figure 5.3 Examples of the morphology of classical bulges (top two panels) and pseudob-
ulges (bottom four panels). All images are taken from HST using the F606W filter. On
each panel we draw a line represented 500 pc.
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Figure 5.4 Examples of the morphology of pseudobulges shownin Fig 5.3. All images are
taken from HST using the NICMOS F160W filter. On each panel we draw a line represented
500 pc.
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Figure 5.5 On the vertical axis,� represents the star formation rate. Specific star formation
rates from Fisher et al. (2009) are compared to mid-IR colorsdetermined in this paper.
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Also, we do not expect the inner truncation radius of the fit togreatly alter fit parameters

of outer disk properties in nearby galaxies. Half-light radius also shows good agreement.

The most scatter appears to be in Sérsic index, which also shows a slight trend. In bulges

with Sérsic index higher than aboutnb � 3 �5− 4 the Sérsic index determined from IRAC

only isophotes is slightly smaller than that determined with composite SST+HST data. The

average of the absolute value of the difference between the lower resolution and higher

resolution data is in all cases less than 10%.

5.3 Identifying Pseudobulges and Classical Bulges

Kormendy & Kennicutt (2004) reviewed in great detail the observational evidence that pseu-

dobulges and classical bulges are two distinct classes of objects. Furthermore, they go on

to propose a preliminary list of general observational properties of pseudobulges. These

properties include: dynamics that are dominated by rotation (Kormendy, 1993), the bulge is

actively forming stars (Kennicutt, 1998b), younger stellar populations as indicated by opti-

cal colors (Peletier & Balcells, 1996), the bulge has a nearly exponential surface brightness

profile (Andredakis & Sanders, 1994), flattening similar to that of their outer disk (Fathi &

Peletier, 2003; Kormendy, 1993), nuclear bar (Erwin & Sparke, 2002), nuclear ring, and/or

nuclear spiral (Carollo et al., 1997). On the contrary, classical bulges are typically identi-

fied as having a relatively featureless morphology, old stellar populations, and hot stellar

dynamics.

For brevity we will refer to morphology that resembles disk phenomena (spiral

structure, rings and/or bars) as “D-type” morphology, and we will refer to morphology that

resembles phenomena of dynamically hot stellar systems (smooth isophotes with little-to-

no substructure) as “E-type” morphology.

More recently, Fisher (2006b) shows that in non-S0 disk galaxies the bulge mor-

phology agrees very well with bulge activity; pseudobulgesare actively growing. Also,

Fisher & Drory (2008) show that in over 90% of the galaxies in their sample bulges with
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disk-like morphology havenb � 2, and all classical bulges havenb � 2.

5.3.1 Identifying Pseudobulges with Morphology

In Fig. 5.3 we redraw a figure from Fisher et al. (2009) which shows examples of bulges

with E-type morphology (top two panels) and bulges with D-type morphology (bottom

four panels). The striking contrast between the exemplary D-type and E-type bulges is

evident. When the outer disk is not seen, the bulges bulges with E-type morphology ap-

pear morphologically indistinguishable from elliptical galaxies. On the other hand the

bottom four bulges show pronounced disk phenomena including: nuclear spirals that ex-

tend all the way to the center of the galaxy (e.g. NGC 4030 and NGC 4736), small bars

that are not much larger than a few hundred parsec across (e.g. NGC 4736), nuclear rings

(e.g. NGC3351) and somewhat chaotic nuclear patchiness that is reminiscent of late-type

disk galaxies (e.g. NGC 2903). We do not show images of all of our bulges, rather we direct

interested readers to the Hubble Legacy Archive1

In Fig. 5.4, we show the images of the bulges with D-type morphology from Fig. 5.3

taken with NICMOS F160W. In all of these images the same features that motivated D-

type (hence pseudobulge) classification in optical are present. Yet, the nuclear spiral in

NGC 4736 is much weaker, although the nuclear bar in this bulge is still visible. The

features found in the optical are not merely small perturbations caused by dust inside a

smooth light distribution, but likely features of the stellar mass distribution.

5.3.2 Using Mid-IR Color to Identify Star Forming Bulges

Emission in the 8� m channel on Spitzer Space Telescope is dominated by dust, mostly re-

radiated light from polycyclic aromatic hydrocarbons (Leger & Puget, 1984). Also, Helou

et al. (2004) shows that the 8� m emission in the nearby disk galaxy NGC 300 traces the

edges of HII. Thus it is correlated with the number of ionizing photons from young stars,

1Hubble Legacy Survey can be found at http://hla.stsci.edu/
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and therefore with local star formation rate.

In Fig. 5.5 we show the correlation between mid-IR bulge color (from this data set)

with specific star formation rate (from overlapping galaxies in Fisher et al., 2009). A linear

regression to the data is plotted as a black line. There is an important distinction between

the two data sets, Fisher et al. (2009) subtracts an inward extrapolation of the exponential

disk for the stellar mass, we do not for this calculation. We find a correlation, with Pear-

son correlation coefficientr2 = 0�65, between mid-IR color,M3�6 − M8�0, and specific star

formation rate.

Calzetti et al. (2007) show that differences in inter-stellar medium metallicity, and

likely stellar populations of the galaxy, can strongly affect the correlation between 8� m

emission and luminosity of ionizing photons. Given that we are specifically looking at

bulges that may have quite different stellar populations and metallicities, this is an important

caveat. However, when studying a large number of bulges, that may be difficult to resolve.

The increased resolution of IRAC data over MIPS data is very important. Thus, we limit

the interpretation of 8� m emission to an on/off metric of star formation. That is to say,

we use the 8� m emission to determine if the bulge is active, and we refrainfrom using

8 � m emission as a means to quantify the star formation rate. In this paper it is sufficient

to merely know if the bulge is active or inactive, and Fig. 5.5indicates that mid-IR color

is a good estimate in 90% of the bulges. For a detailed discussion of the properties of star

formation rates in pseudobulges the interested reader should see Fisher et al. (2009).

5.3.3 Using Sérsic Index to Identify Bulge Types

Andredakis et al. (1995) showed that bulges in early-type galaxies have larger Sérsic index

than those in late-type galaxies. This motivated many authors (e.g. Kormendy & Kennicutt,

2004) to assume that Sérsic index of a bulge is correlated with bulge-type. Fisher & Drory

(2008) directly tests this hypothesis and finds that in decomposition in theV-band pseu-

dobulges (bulges with D-type morphology) havenb � 2 and classical bulges (with E-type
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morphology) haven � 2. In this paper we will also consider the possibility that Sérsic index

can be used to identify bulge types. Also we will retest the connection between bulge Sérsic

index and optical bulge morphology with near-IR decompositions that more robustly reflect

the stellar light density.

5.3.4 Comparing Pseudobulge Diagnostics

For the comparison of HST morphology to other bulge diagnostics we use the higher quality

data set. This is done to ensure that poorly constrained Sérsic fits or phenomena such as

AGNs do not artificially generate ambiguity in bulge diagnostics.

In Fig. 5.6 we show the distributionof, mid-IR color (top) and Sérsic index (bottom)

of bulges. In both panels those bulges with D-type morphology (that is pseudobulges) are

represented by blue lines that are filled with forward slanting lines, and bulges with E-type

morphology are represented by red histograms filled with backward slanting lines.

In the top panel of Fig. 5.6, we show that no bulge with E-type morphology has

mid-IR color redder thanM3�6 − M8�0 � 0 �3, and very few (2 of 22) haveM3�6 − M8�0 � 0�0.

However, as found in Fisher et al. (2009), there is a a broad distribution of star formation

activity in pseudobulges. Pseudobulges can be both active and inactive. When a bulge is

active, in almost every case (96%), that bulge has D-type morphology. Also the majority of

bulges with D-type morphology (64%) have mid-IR colors thatare redder than any classical

bulge. Therefore, use of mid-IR color alone to identify pseudobulges merely finds a type of

pseudobulge, active pseudobulges.

In the bottom panel of Fig. 5.6 we find the same result as found in the V-band by

Fisher & Drory (2008), the vast majority (93%) of bulges withD-type morphology have

Sérsic index less thannb � 2. Conversely all bulges with E-type morphology have Sérsic

index greater than two. Only one bulge with E-type morphology has Sérsic indexnb � 2

(NGC 1617 hasnb = 2�1). This confirms that the correlation between Sérsic index and

bulges morphology is relatively insensitive to band.
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Figure 5.6 The distribution of mid-IR color (top) and Sérsicindex (bottom). In both panels
those bulges with morphologically identified pseudobulgesare represented by blue lines
and those with classical bulges are represented by red lines.
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In the high quality sample, there are 53 galaxies with positive mid-IR color (based

on visual inspection of Fig. 5.5 this translates very roughly to SFR� M � 40 Gyr−1) and only

6 of those galaxies have a bulge with Sérsic index greater than two; two of those six active-

highnb bulges have E-type morphology. In the high quality sample wefind 18 bulges with

low Sérsic index and low specific SFR. The 8 pseudobulges withthe lowest specific SFR

are all S0 galaxies.

If a bulge has a positive value ofM3�6 − M8�0 then that bulge is 96% likely to have

low-Sérsic index and D-type nuclear morphology (hence be a pseudobulge). However, if

the bulge is inactive then there is little we can say about thetype of bulge from mid-IR color

alone. As found by both Drory & Fisher (2007) and Fisher et al.(2009), some pseudobulges

are inactive and also reside in inactive galaxies. The take away is that bulges with E-type

morphology are always inactive, and always havenb � 2. Bulges with D-type morphology

almost always havenb � 2, and usually are active. We will investigate the nature of those

bulges that have disk-like nuclear morphology, low Sérsic index but are non-star forming in

subsequent sections.

5.4 Scaling Relations Of Bulge Parameters

5.4.1 Sérsic Index

Here we turn our attention to the correlations of Sérsic index with other photometric pa-

rameters. Fisher & Drory (2008) find withV-band decompositions that it is not only the

value of the Sérsic index that is different between pseudobulges and classical bulges, but

the way that Sérsic index scales with other parameters from the fit. However their sample

did not contain a significant number of galaxies with lowB� T or smallnb. Using our more

representative sample, we observe the same result in this work at 3.6� m where light better

traces the stellar light and is less affected by dust.

In Fig. 5.7, we show the correlations of the bulge Sérsic index with half-light radius
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Figure 5.7 Correlations of the bulge Sérsic index with (frombottom to top) half-light radius
of the bulge (a), average surface brightness within the half-light radius (b), and magnitude
of the bulge at 3�6 � m (c). In all panels are represented by blue circles, classical bulges by
red squares and elliptical galaxies by black squares. Filled symbols represent high quality
data and open symbols represent low quality data.

218



of the bulge, surface brightness at the half-light radius, and magnitude of the bulge at 3�6 � m

(from bottom to top). In all panels we represent elliptical galaxies as black squares. In each

panel we also show a black line representing a fit to the elliptical galaxies only. Filled

symbols represent high quality data and open symbols represent other data. In the left

panels we identify bulges based on nuclear morphology; bulges with D-type morphology

are represented by blue circles, and those bulges with E-type morphology are represented

by red squares. If optical HST images are available, we plot the bulge as an open black

circle. Note that all galaxies in the high quality sample have optical HST data. In the

right panels we identify bulges based on activity in the ISM.Those bulges with mid-IR

color M3�6 − M8�0 � 0, indicating higher specific star formation rate, are represented by

blue circles. Those bulges with mid-IR colorM3�6 − M8�0 � 0 indicating low specific star

formation rates are represented by red squares.

First, we notice the similarity in these scaling relations between bulges with E-

type morphology and elliptical galaxies. In each panel bulges with E-type morphology

follow the correlations established by elliptical galaxies. There is slightly more scatter in

the bulges with E-type morphology than in the elliptical galaxies alone, however this is not

at all surprising since the presence of an outer disk means that Sérsic function fits to bulges

are less well constrained than those of elliptical galaxies.

Also, Kormendy et al. (2009) find that the distribution of Sérsic indices in elliptical

galaxies is bimodal and that elliptical galaxies with Sérsic index higher thann= 4 are almost

exclusively giant ellipticals with core profiles in their central region and that show no signs

of rotation. Conversely, they find that elliptical galaxieswith lower Sérsic index have cuspy

centers, are lower in luminosity and have dynamics indicative of an oblate spheroid that

is flattened by rotation. In the bottom panel of Fig. 5.7 it is clear that bulges with E-type

morphology are like low-luminosity ellipticals with Sérsic index less thannb � 4. This

restriction is important for interpreting parameter correlations; the set of classical bulges

alone may not always reflect the distribution of all elliptical galaxies.
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Figure 5.8 Correlations of the the surface brightness of thebulge and the half-light radius
(abscissa in every panel) with half-light radius (bottom two panels, a & d) of the bulge, and
3.6 � m magnitude of the bulge (top two panels, b & d). In all panels elliptical galaxies
are represented by black squares, classical bulges are represented by red squares, and pseu-
dobulges are represented by blue circles. Filled symbols are for bulges in the high quality
sub-sample, open symbols are for galaxies that do not meet criteria for the high-quality
data set. In the left two panels black open symbols are for those galaxies without available
morphology on which to diagnose the morphology.
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Figure 5.9 Correlations of the the surface brightness and ofthe bulge at the half-light radius
(abscissa in every panel) with half-light radius (bottom panel) of the bulge, and 3.6� m
magnitude of the bulge (top panel). In both panels elliptical galaxies are represented by
black squares, those bulges withM3�6 − M8�0 � 0 are represented by red squares, and those
bulges withM3�6 − M8�0 � 0 are represented by blue circles. Filled symbols are for bulges
in the high quality sub-sample, open symbols are for galaxies that do not meet criteria for
the high-quality data set.
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Figure 5.10 Correlations of the mean surface brightness of the bulge with 3.6� m magnitude
of the bulge. The left panel shows� �

e � andM3�6 derived from Sérsic decomposition,
and the right panel shows the� �

e � andM3�6 derived non-parametrically. In this figure
only pseudobulges are shown. Pseudobulges are selected here as the union of all three
diagnostics (nuclear morphology reminiscent of disks,nb � 2, andM3�6 − M8�0 � 0. We
over-plot correlations fit to all bulges withB� T � 0�01 Filled symbols are for bulges in
the high quality sub-sample, open symbols are for galaxies that do not meet criteria for the
high-quality data set.
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In Fig. 5.7, for those bulges with D-type morphology it is clear that no correlation

exists between the Sérsic index and half-light radius, surface-brightness, nor bulge magni-

tude. In magnitude and surface brightness, the bulges with D-type morphology appear to

be scattered with no regularity. However, the half-light radius of bulges with D-type mor-

phology is limited to a very narrow range in parameter space.We will discuss the half-light

radii of bulge types in more detail §7.2.

In the right panels of Fig. 5.7 we select bulges based on mid-IR color. Because the

correlation between Sérsic index and morphology (described in the last section) is so strong

it is not surprising that we see similar behavior here. Bulges with actively star forming ISM

(M3�6 − M8�0 � 0) show no correlation between Sérsic index and any other bulge structural

property shown here. As well, selecting for bulges that are inactive (M3�6 − M8�0 � 0) does

not uniquely select for bulges that correlate like elliptical galaxies in parameter space shown

in Fig. 5.7.

These results provide confirmation that the differences in Sérsic index correlations

of pseudobulges found in Fisher & Drory (2008) are due to realdifferences in the dis-

tribution of stellar light. They are not simply due to differences in internal extinction or

mass-to-light ratios.

5.4.2 Photometric Projections of the Fundamental Plane

How different should we expect pseudobulges and classical bulges do be in photometric

parameter space? First, pseudobulges and classical bulgesdo not differ dramatically in

bulge-to-total ratio, many of which are in the rangeB� T � 0�1−0�4, and in Sa to Sc galaxies

disk size and mass does not vary by much (Roberts & Haynes, 1994). Therefore, it follows

that bulges will be similar in size and luminosity, and thus surface brightness as well. At

least some overlap ought to exist between pseudobulges and classical bulges in luminosity,

size and surface brightness.
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Carollo (1999) shows that pseudobulges deviate toward lower density in the pho-

tometric projections of the fundamental plane. Gadotti (2009) uses the Kormendy (1977)

relation between� �
e � −re to define pseudobulges. They select pseudobulges as those

bulges that are more than 1� lower in surface density than the correlation for elliptical

galaxies. However, they also find that many of the bulges on the Kormendy (1977) relation

have low Sérsic index and also have young stellar populations. It is not clear that using only

projections of the fundamental plane can uniquely identifya class of bulges.

In Fig. 5.8, we show the Kormendy (1977) relation between� �
e � −re (bottom

panels a & d) and the correlation between surface brightnessand bulge magnitude (top

panels b & c). The left panels show the correlations using morphology as the method of

identifying pseudobulges and the right panels show these correlations using Sérsic index as

a method of diagnosing bulge types. In each panel we also plota line that represents the the

corresponding scaling relation fit to the elliptical galaxies only.

Those bulges with E-type morphology and those withnb � 2 are similar to low-

luminosity elliptical galaxies in both� �
e � −re and the� �

e � −MSersic
3�6 parameter cor-

relation. Kormendy (1977) shows that elliptical galaxies follow a tight positive correlation

between size and surface density. Also, in elliptical galaxies more luminous systems are less

dense (Kormendy, 1985; Lauer, 1985b). We observe similar behavior for classical bulges

(identified both through morphology and Sérsic index) in oursample.

A few of the bulges with D-type morphology that also have highSérsic index appear

as red squares in the right two panels (c & d) in Fig. 5.8, and blue circles in the left two

panels (a & b). Two are clearly evident in the� mue � −M3�6 parameter space as low-

luminosity outliers with respect to the correlation established by elliptical galaxies. For at

least these cases the difference in morphology appears to indicate that a physical difference

in structure exists, despite the high Sérsic index.

Bulges with D-type morphology and/or those bulges withnb � 2 show little-to-no

correlation in the� �
e � −re parameter space. Though this is evident by simple inspection,
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we calculate a Pearson’s correlation coefficient for the pseudobulges and findr2 = 0�08,

this is in comparison tor2 = 0�87 for the correlation of ellipticals and classical bulges in

the same parameters. (For this calculation, we identify anybulge with disk-like nuclear

morphology and/ornb � 2 as a pseudobulge, and all other bulges are classical bulges.)

In Fig 5.8 (b) & (c), it is clear that bulges with low Sérsic index and those with

D-type nuclear morphology establish a correlation that is opposite to the traditional cor-

relation for elliptical galaxies in the� �
e � −M3�6 plane. As pseudobulges (identified by

morphology or Sérsic index) become more luminous they become more dense.

In Fig. 5.9 we show the same two photometric projections of the fundamental plane,

however in this figure bulges are distinguished by the mid-IRcolor. Those bulges with

M3�6 − M8�0 � 0 indicating active star formation are represented by blue circles, and those

bulges withM3�6 − M8�0 � 0 indicating low specific star formation rate are represented by

red squares. As with Sérsic index and morphology the absenceof star formation in a bulge

does not select for a unique type of bulge. Therefore, littlecan be said of a bulge’s position

with respect to the fundamental plane based solely on specific star formation rate.

In Fig. 5.10, we re-plot the� �
e � −M3�6 parameter space of pseudobulges only.

Here pseudobulges are selected as bulges with either D-typemorphology ornb � 2. The

black line in each panel represents a fit to all bulges withB� T � 0 �01. Bulges with D-type

morphology often have non-Sérsic components (e.g. nuclearrings and nuclear star clusters),

and thus Sérsic fits to pseudobulges may be poorly constrained. We therefore measure bulge

magnitude and mean surface brightness within the half-light radius non-parametrically, as

described in §3.3. The left panel shows parameters derived from the Sérsic decompositions

and the right panel shows parameters derived non-parametrically.

Interestingly, the non-parametric� �
e � −M3�6 correlation shows lower scatter than

that of the parametric fits; the Pearson coefficients arer2 = 0�69 for non-parametric andr2 =

0 �44 for the Sérsic derived quantities. The scaling relationsfor non-parametric quantities is

M3�6 = 0�84
�

0�01� � �
e � −32�43

�
0�08� (5.5)
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Figure 5.11 Comparison of the 8.0� m magnitude of the dust emission within bulges to the
3.6 � m mag of the bulges, from decompositions. Symbols are as follows: blue circles rep-
resent those bulges with either D-type nuclear morphology,or nb � 2; red squares represent
those bulges with both E-type nuclear morphology andnb � 2. As before closed symbols
represent the higher quality data set and open symbols represent other data.
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and for the Sérsic derived parameters

M3�6 = 0�69
�

0�01� � �
e � −31�36

�
0�08� (5.6)

Both relations have a positive slope that is slightly more shallow than a linear relationship.

The difference between these is quite possibly a result of the non-Sérsic components (e.g.

nuclear rings and nuclear star clusters) which may contain higher fractions of the light in

lower-luminosity bulges. We note that the lowest magnitudebulges are not on the correla-

tion at all. This may be because they are so low in S/N that the parameters are somewhat

meaningless, or perhaps it is not accurate to treat these galaxies as having a bulge at all. We

include them on the plot for completeness.

5.5 Structural Properties of Active and Inactive Bulges

5.5.1 Inactive Pseudobulges

In the top panel of Fig. 5.11, we compare the magnitude of bulges at 8� m, dominated

by dust emission, to the magnitude at 3.6� m, which is almost completely stellar light.

We calculateM8� dust using the equation from Helou et al. (2004), whereM8� dust = −2�5 �
log10(L8 − 0 �232 � L3�6). For both pseudobulges and classical bulges (diagnosed inthis

section by the union of nuclear morphology and Sérsic index)there is a positive correlation

between bulge the luminosity of the stars at 3.6� m and that of the dust at 8� m. All bulges

with 8 � m dust emission brighter thanM8� dust = −20�3 are indeed pseudobulges.

It is clear from Figs. 5.11 & 5.6 that in those bulges withnb � 2 and E-type nuclear

morphology (classical bulges), the 8� m dust emission is lower than the emission at 3.6� m.

The average classical bulge is 1.7
�

1 mags fainter in 8� m dust flux than in the 3.6� m

band. In most bulges with low Sérsic index or D-type nuclear morphology (pseudobulges),

the 8� m dust luminosity is typically as bright and often brighter than the stellar luminosity

at 3.6� m.
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Figure 5.12 The two photometric projections of the fundamental plane from Fig. 5.8, how-
ever in this figure we identify inactive pseudobulges (magenta circles), otherwise all sym-
bols are same as before: active pseudobulges are represented by blue circles, classical
bulges by red squares, elliptical galaxies by red circles. Closed symbols represent the high
quality sample, open symbols represent all other galaxies.
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However, a significant minority (16%) of bulges with D-type nuclear morphology

or nb � 2 in our sample are bright at 3.6� m but have low dust luminosity. Fisher et al.

(2009) notes the existence of bulges with disk-like morphology and low Sérsic index that

have low specific star formation rates, using the more precise UV+24 � m star formation

rate indicator; however, their sample was much smaller, andthey did not have as accurate

bulge structural parameters. They call these objects “inactive pseudobulges.” Fig. 5.4 shows

NGC 4736 which turns out to be such a case. It is worth noting that, unlike in the 3 other

examples which are active pseudobulges, the nuclear spiralthat prompted classification of

this galaxy as a pseudobulge is much weaker in the near-IR image. However, a nuclear bar

(which is a disk feature) is visible, and also the Sérsic index of this bulge is below two.

In the bottom panel of Fig. 5.11 we show the comparison of bulge magnitude at

3.6 � m to bulge light at 8� m without subtracting the stellar contribution. We over-plot a

line showing the region in theM3�6 versusM8 plane which contains 90% of the classical

bulges (identified by having both high Sérsic index and E-type nuclear morphology). This

yields the boundariesM3�6 − M8�0 � 0 andMsersic
3�6 � −18. We will refer to those bulges with

low Sérsic index or disk-like optical morphology, in this region of Fig. 5.11 as inactive

pseudobulges.

In Fig. 5.12 we show the location of inactive pseudobulges onthe � �
e � −M3�6

and � �
e � −re planes. Inactive pseudobulges are represented by magenta circles, all other

points are the same as Fig. 5.7. Inactive pseudobulges occupy a region of parameter space

where both classical bulges and bright active pseudobulgesare found.

Classical bulges and inactive pseudobulges are slightly higher in surface density at

a given half-light radius than elliptical galaxies. In fact, we are unable to fit a correlation

that simultaneously includes giant ellipticals and inactive pseudobulges. This may be a real

feature, however it could also be an effect of how we calculate the 3.6� m zero points for

elliptical galaxies. As discussed earlier, we use the Sérsic fits from Kormendy et al. (2009)

for elliptical galaxy parameters because this provides a volume limited sample of very well
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Figure 5.13 The correlation Sérsic index with half-light radius, symbols are same as in
Fig. 5.12.
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determined Sérsic fits. When the galaxy has Spitzer data we shift the magnitude by the

observedV − L when the galaxy is covered with Spitzer, when the galaxy doesnot we use

the meanV − L correction. The elliptical galaxies observed with Spitzerare preferentially

brighter, and the deviation we see is in low-luminosity ellipticals. Given that the difference

between classical bulges and elliptical galaxies is so small, we cannot know with our data

alone if the difference in 3.6� m luminosity between classical bulges and elliptical galaxies

is a real effect.

In Fig. 5.13, we show that inactive pseudobulges almost always havenb � 2 (aside

from NGC 4371 which hasnb = 3�9
�

0 �6). Therefore, in Sérsic index inactive pseudob-

ulges are similar to active pseudobulges and unlike classical bulges. On average inactive

pseudobulges have slightly higher Sérsic index than activepseudobulges. The mean Sérsic

index is� nb � = 1�6
�

0�3 for inactive pseudobulges and� nb � = 1�3
�

0�6 for active pseu-

dobulges. Note, that to calculate the average of the inactive pseudobulges we remove the

value for NGC 4371, including the value changes the average to � nb � = 1�7
�

0�6. Also

inactive pseudobulges have similar half-light radii as active pseudobulges (� re � = 461 pc

and � re � = 380 pc respectively).

5.5.2 Active Pseudobulges

In Figs. 5.14 & 5.15 we show the distribution of absolute magnitude of the bulge in 3.6� m

(Fig. 5.14 left), bulge Sérsic index (Fig. 5.14 right), half-light radius of the bulge (Fig. 5.15

left) and Hubble type (Fig. 5.15 right). We have divided the sample of pseudobulges (both

high-quality and non high-quality galaxies) into three groups, of equal numbers, based on

mid-IR color of the bulge. The ranges of the groups from top tobottom areM3�6 − M8�0 is

less than 0.66 mags, from 0.67 mags to 1.40 mags, and greater than 1.40 mags.

The least active group preferentially contains more luminous pseudobulges. How-

ever, this is somewhat set by design because at the same 8� m luminosity a bulge that is

brighter in 3.6� m will have lower mid-IR color. However, from the mid to high range of
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Figure 5.14 Histograms ofM3�6 from Sérsic bulge-disk decompositions (left), and also Sér-
sic index (right) from those decompositions. We divide the pseudobulges into three groups
of equal numbers based onM3�6 − M8�0.
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Figure 5.15 Histograms ofre from Sérsic bulge-disk decompositions (left), and also Hubble
types (right) from de Vaucouleurs et al. (1991). We divide the pseudobulges into three
groups of equal numbers based onM3�6 − M8�0.
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mid-IR color there appears to be little-to-no trend with bulge luminosity. There appears

to be some change in the distribution of Sérsic indices for active and inactive bulges. In

the least active group there is a strong pile up of pseudobulges withnb � 1�6 and very few

pseudobulges with low values ofnb. The high and intermediate activity groups have a large

fraction with very low values of Sérsic index. There is only one bulge withnb � 0�8 in

the lowest specific star formation bin. It appears that Sérsic index of the bulge is linked

somehow to specific star formation rate, however, that link is not so simple as a one-to-one

correlation.

We find little-to-no correlation between mid-IR color and bulge half-light radius.

The medianre of inactive pseudobulges is not very different than the medianre of the most

active group. In Hubble type there is minimal evolution thatis as one expects: most of the

earlier type galaxies have low specific star formation rate.

5.6 Discussion

5.6.1 Identifying Pseudobulges

Morphological identification of pseudobulges is straight-forward and simple. However it

is also subjective, and is limited to those bulges with HST images. Therefore, we need to

move to more objective methods of pseudobulge identification that are based on quantifiable

properties. The Sérsic index has been shown here, and in Fisher & Drory (2008), to be

a very good tool for identifying bulges. However, because inactive pseudobulges are so

similar to classical bulges in both specific star formation rate and location in photometric

projections of the fundamental plane, using Sérsic index alone with no information about

stellar populations or star formation appears too simple.

We find three important groups of bulges in our sample. Thus wepropose the

following criteria for diagnosing bulges. Pseudobulges have Sérsic indexnb � 2 or nuclear

morphology that is similar to a disk galaxy, as described by Kormendy & Kennicutt (2004).
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Furthermore, Sérsic index and nuclear morphology are tightly correlated. Also, these bulges

follow very different structural parameter correlations than elliptical galaxies do. There is

not such a clear distinction in mid-IR color (and hence in specific star formation rate). If

the bulge is active (M3�6 − M8�0 � 0 which very roughly corresponds to SFR/M� 40 Gyr−1)

it almost always has low Sérsic index or disk-like optical morphology. If the bulge is not

active then it does not necessarily have a large Sérsic indexnor E-type nuclear morphology.

We refer to the bulges with low Sérsic index or disk-like nuclear morphology, but are not

actively forming stars (M3�6 − M8�0 � 0) as inactive pseudobulges. We suggest that classical

bulges are those bulges withboth E-type nuclear morphology andnb � 2. These bulges

coincide in parameter space with photometric projections of the fundamental plane, and are

inactive.

5.6.2 What Do Structural Parameters Tell Us About Bulge Formation?

Recently progress has been made simulating the formation ofbulge-disk galaxies in merg-

ing scenarios, through “clump” instabilities that form in high redshift disks, and also sec-

ular evolution. The question remains, what type of bulges result from these simulations.

Robertson et al. (2006) show that rotationally supported disks can be formed in very gas

rich mergers which are more likely at high redshift. However, in their suite of simulations

the most common result was the formation of bulge-dominatedgalaxies. The formation of

a disk galaxy in a late merger by Governato et al. (2009) is indeed remarkable, however the

resulting bulge-to-total ratio of the simulated galaxy of 0.65 is far greater than any pseudob-

ulge in our sample. Likewise, Brook et al. (2007) simulate a major merger which produces a

kinematic profile indicative of two nested disks, however the smaller disk is still larger than

the typical pseudobulge in our sample. Indeed, the spatial resolution limit in Brook et al.

(2007) is barely enough to resolve the typical pseudobulge in our sample. Elmegreen et al.

(2008) finds that clump instabilities in high redshift disk galaxies, as simulated by Noguchi

(1999) and more recently Ceverino et al. (2009), are most likely to form bulges that re-
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Figure 5.16 Correlations of bulge magnitude (bottom), meansurface density (middle), and
Sérsic index (top) for classical bulges and elliptical galaxies (left) and pseudobulges (right).
In both panels the black line represents a regression fit to the set of elliptical galaxies and
classical bulges. Symbols are the same as in Fig. 5.12.
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semble classical bulges. Debattista et al. (2004) simulates bulge formation via internal disk

evolution with collisionlessN-body simulations. They find that simulated bulges built via

secular evolution are able to maintain a low Sérsic index. However, Fisher et al. (2009)

show that present day star formation leads to a significant addition of stellar mass to pseu-

dobulges, and therefore star formation and gas physics cannot be neglected. Eliche-Moral

et al. (2006) simulate the growth of bulges in minor mergers using collisionlessN-body

simulations, and finds that merging increases the Sérsic index of bulges fromn � 1�5 to

roughlyn � 2. Though, by neglecting star formation and dissipative processes it becomes

difficult to interpret their results. Unfortunately, simulating galaxies with stars, gas, and star

formation is a difficult, time-intensive process. It is therefore rare that a simulation has a fine

enough spatial resolution to resolve the bulge for accurateSérsic decomposition. However,

it is fairly well accepted that elliptical galaxies are the result of mergers (recently Kormendy

et al., 2009). Thus, if bulges have different scaling relations than elliptical galaxies we can

thus stipulate that either they did not form in mergers, or something was significantly dif-

ferent about the mergers (e.g. gas fraction or mass ratio) togenerate the different scaling

relations.

Pseudobulges in our sample show little-to-no correlation between half-light radius

and any other bulge parameter. In Fig. 5.16, we re-illustrate the correlations of half-light

radius with bulge magnitude (bottom), mean surface brightness (middle), and Sérsic index

(top). For clarity, in this figure we plot classical bulges and elliptical galaxies (left) separate

from pseudobulges and inactive pseudobulges (right). In each panel we also show a black

line representing the a regression fit to the elliptical galaxies and classical bulges for the

associated parameters. Over a 9 mag difference in bulge magnitude, pseudobulges remain

roughly constant in size. There is no change with surface brightness nor with Sérsic index.

Due to inherent parameter correlations in virialized systems (like the fundamental plane) it

would be essentially impossible for two pseudobulges to have roughly the same half-light

radius, and be 9 magnitudes different in luminosity if they are close to virialized. Yet this
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is what we observe in the bottom panel of Fig. 5.16.

In Figs. 5.8, 5.10, & 5.12 we show that pseudobulges have a positive correlation in

� � � −M3�6. We show this with luminosity and surface brightness derived from Sérsic fits

and from non-parametric measurements of bulge luminosity and density, thus it is not likely

a relic of correlated errors in Sérsic fits.

How might a pseudobulge grow its mass with out increasing size? Fisher et al.

(2009) find that the star formation rate surface density of pseudobulges correlates with

stellar bulge mass and surface density of stellar mass in such a way that more massive

bulges have higher star formation rate densities. If pseudobulges begin with very low mass,

but a variety of star formation rate densities, then after a period of time, those bulges with

higher star formation rate density will have higher stellarmass density. In this scenario

the total mass of the bulge has not changed, but rather a mass element has changed state

from cold gas to stars. Therefore a star in orbit within the bulge remains unaffected by the

increase in stellar mass. Thus asstellarbulge mass increases the size of the bulge does not,

furthermore this means that the surface brightness and bulge luminosity of the star light

should be positive correlated, which indeed is what we observe.

5.6.3 Are Inactive Pseudobulges Transition Objects?

Both Drory & Fisher (2007) and Fisher et al. (2009) find pseudobulges that are either re-

siding in non-star forming galaxies or non-star forming themselves. They are identified as

pseudobulges by nuclear morphology and Sérsic index. It is worth noting that this finding

illustrates the necessity of combining information about the ISM activity or stellar popula-

tions with other pseudobulge indicators, such as Sérsic index and morphology. In § 6.1 we

show that non-star forming pseudobulges indeed exists in our sample as well.

In Fig. 5.12, we show that inactive pseudobulges are not inconsistent with the pa-

rameter correlations set by classical bulges and elliptical galaxies. However, it is not obvi-

ous that they would establish those correlations themselves. We have shown that inactive
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both panels the black line represents a regression fit to the set of elliptical galaxies and
classical bulges.

239



pseudobulges are like active pseudobulges in two ways (morphology and Sérsic index) and

like classical bulges in two ways (parameter correlations and specific star formation rate),

though there similarity to classical bulges in activity is by definition. Therefore, observa-

tionally speaking they are ambiguous objects.

Fisher et al. (2009) find that in all bulges there is measurable star formation in

progress. However, in classical bulges that star formationis unimportant when compared to

the stellar mass of the bulge. Furthermore, correlations between star formation rate density

and the stellar mass of the bulge and disk only exist for pseudobulges, and the star formation

is capable of doubling the pseudobulge stellar mass in relatively short times. They conclude

that internal bulge growth is a nearly ubiquitous phenomenon. It is simply not important

in classical bulge galaxies. Also, in later-type galaxies many studies (e.g. Carollo et al.,

2007; MacArthur et al., 2009) show that pseudobulges can have large populations of old

stars within a young bulge. Therefore there is room in the stellar population budget for a

low-luminosity classical bulge. If these are both true thenit would make sense that there be

some cases where the pseudobulge and classical bulge are similar mass.

What we wish to estimate is what would we observe if a low Sérsic pseudobulge

were to exist in the same location as a classical bulge. To study this we select two classical

bulge galaxies, NGC 3521 and NGC 2841, and add a model pseudobulge to the profile. We

then decompose the resulting using Eq. 1. Both galaxies are chosen because the original

decomposition unaffected by non-Sérsic components (e.g. bars and/or rings), and the Sérsic

index is well determined. The original Sérsic indices of thereal bulges arenb = 2�6 and 3�6,

respectively. We choose the model pseudobulge in all cases to havenb = 1�5 and we fix

the size according to the scaling relation between pseudobulge size and disk scale length

(Courteau et al., 1996b; MacArthur et al., 2003; Fisher & Drory, 2008), we choosere = 0�2 �

h. We then scale the pseudobulge luminosity to 0�5� , 1� , 2� , and 3� the classical bulge

mass. Note that these relative weights are for the pseudobulges (and classical bulge) 3.6� m

luminosity only. If these two different bulge components have different mass-to-light ratios,
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stemming from having very different star formation histories, then a more sophisticated

method model would need to be applied. Yet for our purposes here a description of the

luminosity is most important. We decompose the resulting profile as usual, using Eq. 1, with

a single Sérsic function for the bulge and an exponential outer disk. The resulting profile

of the composite bulge galaxy is well fit by a Sérsic function bulge and exponential outer

disk. In the two cases with a high classical bulge Sérsic index, and theLpseudo� Lclassical � 2

we observe a small cusp in the profile that looks similar to a nucleus. No other peculiarities

are visible in the constructed surface brightness profiles.

In Fig. 5.17 we investigate the location of the composite pseudo+classical bulge

models we describe above. The black lines are from fits to classical bulges and elliptical

galaxies. The magenta circles represent the inactive pseudobulges from our survey, and

the black circles represent the composite model systems. The composites are in exactly

the same location as the inactive pseudobulges. In every case, addition of a pseudobulge

component to the classical bulge-disk galaxy results in lowering the Sérsic index. In the

case in which the classical bulge hasnb = 2�6 whenLpseudo� Lclassical the resulting Sérsic

index of the composite system is less than two. For the case inwhich the classical bulge

has a larger Sérsic index (nb = 3�6) the Sérsic index of the composite bulge only falls below

nb = 2 for the most extreme case in whichLpseudo= 3 � Lclassical. Given that the mean

Sérsic index of inactive pseudobulges is� nb � � 1�6, if this is indeed the phenomenon

that is occurring in inactive pseudobulges then the underlying classical bulges in inactive

pseudobulges would need to have smaller Sérsic index.

Fisher et al. (2009) find that in all bulge types there is bulgegrowth via internal

star formation. However, in classical bulges the specific star formation is very low, unlike

in pseudobulges where specific star formation rates are higher. The results of Fisher et al.

(2009) and the results of this experiment suggest that almost every bulge has a component

of new stars. In classical bulges the light of the new stars isunimportant. In pseudobulges

the new stars dominant the light of the bulge component. The inactive pseudobulges may
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be systems in which the two components (old and young) have similar luminosity and the

classical component has a low Sérsic index. The questions remain: Is there a low-luminosity

cut off below which old components no longer exists? Also, isthe old component of stars in

pseudobulges (both active and inactive) compatible with the properties of a typical classical

bulge?

5.7 Summary & Conclusions

In this paper we develop a set of pseudobulge diagnostics that incorporate morphology,

Sérsic index, and specific star formation rate. We find that Sérsic index and morphology are

essentially interchangeable at 3.6� m, confirming the results of Fisher & Drory (2008) with

near-IR data. Pseudobulges havenb � 2 and classical bulges havenb � 2. Furthermore, with

a much more robust sample we confirm that the Sérsic index of pseudobulges is uncorrelated

with other bulge structural properties.

However specific star formation rate is needed to discover inactive pseudobulges.

We show that those pseudobulges (as indicated by Sérsic index and nuclear morphology)

that have low specific star formation rates are very similar to models of galaxies in which

both a pseudobulge and classical bulge exist in roughly equal parts and the classical bulges

has a low Sérsic index. Additionally, star formation in inactive pseudobulges must be sup-

pressed. Therefore, pseudobulge identification that relies only on structural indicators is

unable to detect composite systems. Also pseudobulge identification that relies only on

stellar populations or star formation rates will underestimate the number of pseudobulges

significantly.

A careful investigation of van Albada’s (1982) result showsthat simulated elliptical

galaxies formed via more violent collapses and lumpier initial conditions create resulting

surface brightness profiles with larger Sérsic index. Also,Eliche-Moral et al. (2006) studies

minor mergers onto disks with collisionlessn-body simulations and finds that mergers in

general drive the Sérsic index of the bulge component up. Also, Hopkins et al. (2009b)
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finds that more merging generates larger Sérsic index. All three of these results seem fairly

straight-forward and quite intuitive. Surface brightnessprofiles with larger Sérsic index are

characterized by having more light in the tail of the distribution. Also, violent relaxation

is a mechanism that can easily convert ordered-rotational orbits to radial orbits, which in

turn puts more stellar light at larger radius. Thus more merging, and hence more violent

relaxation, puts more stellar mass at large radius which in turn drives up Sérsic index. Thus

at the minimum the now quite robust result that pseudobulgesare marked by having very

low Sérsic index seems to indicate that they have a more passive history than classical

bulges and elliptical galaxies.

We also show that pseudobulges and classical bulges differ in fundamental plane

scaling relations. We find that the half-light radius of pseudobulges does not correlate with

any other bulge parameter. We find a positive correlation among pseudobulges between

mean surface brightness and bulge luminosity. Pseudobulges that are more luminous are

more dense. This relation is opposite that of classical bulges and elliptical galaxies, and

implies that pseudobulges are very different types of objects than elliptical galaxies.

5.8 Diagnosing Bulge Types: Notes on Individual Galaxies

Here, we briefly describe the bulge diagnosis for all bulge-disk galaxies in our sample. For

each galaxy we give the Hubble type from the RC3 (de Vaucouleurs et al., 1991) and the

Carnegie Atlas (Sandage & Bedke, 1994) (RC3 first, then Carnegie Atlas separated by a

slash). Our diagnosis of the bulge is then stated, followed by a brief motivation for that

diagnosis.

IC 342 .SXT6../... Pseudobulge. The bulge shows a strong nuclear spiral and near the very

center breaks into large clumps, that are almost a ring shape. The decomposition yields

nb = 1�8, and the bulge is actively forming stars withM3�6 − M8�0 = 1�9 mag.

IC 749 .SXT6../SBc(rs) Pseudobulge. The decomposition yieldsnb = 1�4, and the bulges

is actively forming stars withM3�6 − M8�0 = 1�0 mag. There is no optical image in the HST
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archive.

NGC 300 .SAS7../Sc(s) No Bulge/Pseudobulge. The “bulge” is probably better described

as a nuclear star cluster. Nonetheless, a decomposition yields nb = 1�6, and the bulges is

inactive withM3�6 − M8�0 = −1�4 mag.

NGC 404.LAS-*./S0 Classical bulge. There is a very small nuclear spiral, however that is

embedded within a much larger bulge that shows little-to-nosubstructure. The luminosity

of the galaxy contained within the small nuclear spiral onlyaccounts for 0.8% of the total

light, as compared to the larger bulge which is roughly 1/4 ofthe total light. The decompo-

sition yieldsnb = 3�7, and the bulges is inactive withM3�6 − M8�0 = −0�5 mag.

NGC 628.SAS5../Sc(s) Pseudobulge. The spiral arms of the outer disk extend all the way

to the centralr � 1̈, whereas the bulge begins to dominate the surface brightness profile at

r � 14̈. The decomposition yieldsnb = 1�6, and the bulges is actively forming stars with

M3�6 − M8�0 = 0�2 mag.

NGC 672.SBS6../SBc(s) Pseudobulge. The bulge is extremely elongated, and shows patch-

iness that is similar to what is seen in late-type disk galaxies. The decomposition yields

nb = 1�1, and the bulges is actively forming stars withM3�6 − M8�0 = 2�2 mag.

NGC 925.SXS7../SBc(s) Pseudobulge. The decomposition yieldsnb = 0�7, and the bulges

is actively forming stars withM3�6 − M8�0 = 0�3 mag. The optical HST images are not well

centered, making the morphology uncertain. Nonetheless, there appears to have patchiness

that is similar to what is seen in late-type disk galaxies.

NGC 1023 .LBT-../SB0 Classical Bulge. The bulge looks very much likeand E type,

there is no sign of spiral structure of any disk-like morphology. The decomposition yields

nb = 2�5, and the bulges is inactive withM3�6 − M8�0 = −1�1 mag.

NGC 1058 .SAT5../Sc(s) Pseudobulge. There is a prominent, nearly face-on spiral, that

extends to the central� 1̈. The decomposition yieldsnb = 1�1, and the bulges is actively

forming stars withM3�6 − M8�0 = 0�8 mag.

NGC 1097.SBS3../RSBbc(s) Pseudobulge. The bulge has a prominent nuclear ring. The
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nuclear ring is evident in the surface brightness profile from 5-15ëven in the near-IR. The

decomposition yieldsnb = 2�0, and the bulges is actively forming stars withM3�6 − M8�0 =

1 �3 mag.

NGC 1313.SBS7../SBc(s) Pseudobulge. The bulge shows patchiness that is similar to what

is seen in late-type disk galaxies. The decomposition yieldsnb = 1�3, and the bulges is in-

active withM3�6 − M8�0 = −0�7 mag.

NGC 1317 .SXR1../Sa Pseudobulge. The bulge has a prominent nuclear bar and spi-

ral. The decomposition yieldsnb = 1�4, and the bulges is actively forming stars with

M3�6 − M8�0 = 0�4 mag.

NGC 1433PSBR2../SBb(s) Pseudobulge. The bulge has a prominent nuclear spiral. The

decomposition yieldsnb = 0�8, and the bulges is actively forming stars withM3�6 − M8�0 =

0 �3 mag.

NGC 1512.SBR1../SBb(rs) pec Pseudobulge. The bulge has a prominentnuclear ring and

spiral. The decomposition yieldsnb = 1�8, and the bulges is actively forming stars with

M3�6 − M8�0 = 0�2 mag.

NGC 1543RLBS0../RSB0/a Pseudobulge. There is a prominent nuclear bar. The decom-

position yieldsnb = 1�5, and the bulges is not actively forming stars withM3�6 − M8�0 =

−1 �2 mag.

NGC 1559.SBS6../SBc(s) Pseudobulge. A flocculent spiral extends all the way to the cen-

ter of the galaxy. The decomposition yieldsnb = �7, and the bulges is actively forming stars

with M3�6 − M8�0 = 5�4 mag.

NGC 1566.SXS4../Sbc(s) Pseudobulge. The bulge shows a bright two armed spiral at the

center which becomes more diffuse aroundr � 1− 2̈. The decomposition yieldsnb = 1�6,

and the bulges is actively forming stars withM3�6 − M8�0 = 0�2 mag.

NGC 1617.SBS1../Sa(s) Classical Bulge. There is a mild (non-spiral) dust lane slightly off

center from the bulge center, otherwise the bulge has a smooth E-like morphology. The de-

composition yieldsnb = 2�1, and the bulges is not forming stars withM3�6−M8�0 = −1�0 mag.
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NGC 1637.SXT5../SBc(s) Pseudobulge. A flocculent spiral extends all the way to the cen-

tral arcsecond, where it becomes elongated and clumpy. The decomposition yieldsnb = 1�6,

and the bulges is actively forming stars withM3�6 − M8�0 = 3�4 mag.

NGC 1672 .SBS3../Sb(rs) Pseudobulge. There is a bright spiral arm that almost com-

pletely wraps around the center of the bulge. Nearr � 6ẗhis spiral breaks into more spiral

arms. The decomposition yieldsnb = 2�1, and the bulges is actively forming stars with

M3�6 − M8�0 = 2�0 mag.

NGC 1744 .SBS7../SBcd(s) No bulge/Pseudobulge. The “bulge” is probably better de-

scribed as a nuclear star cluster. Nonetheless, a decomposition yieldsnb = 0�5, and the

bulges is actively forming stars withM3�6 − M8�0 = 5�2 mag.

NGC 1808RSXS1../Sbc pec Pseudobulge. The bulge has a very high surface brightness

flocculent spiral. The decomposition yieldsnb = 0�8, and the bulges is actively forming

stars withM3�6 − M8�0 = 3�3 mag.

NGC 2403.SXS6../Sc(s) Pseudobulge. The bulge is comprised of several clumps of stars,

reminiscent of a very late-type disk galaxy. The decomposition yieldsnb = 0�7, and the

bulges is actively forming stars withM3�6 − M8�0 = 1�2 mag.

NGC 2500.SBT7../Sc(s) Pseudobulge. The bulge is comprised of several clumps of stars,

reminiscent of a very late-type disk galaxy. The decomposition yieldsnb = 1�7, and the

bulges is actively forming stars withM3�6 − M8�0 = 0�4 mag.

NGC 2655 .SXS0../Sa pec Classical Bulge. This bulge has moderately prominent dust-

lanes, however it is not clear if the dust is spiral. The decomposition yieldsnb = 2�4, and

the bulges is not active withM3�6 − M8�0 = −0�6 mag.

NGC 2685RLB.+P./S0 pec Classical Bulge. There is a dust lane that is offset from the

center of the bulge, it is possibly disk-contamination. Otherwise the bulge is smooth, and

appears similar to an E-type. The decomposition yieldsnb = 2�1, and the bulges is not active

with M3�6 − M8�0 = −1 �1 mag.

NGC 2775 .SAR2../Sa(r) Classical Bulge. There is a clear break in thedisk nearr 22̈,

246



inside which the bulge is smooth and E-type. The decomposition yieldsnb = 3�5, and the

bulges is not active withM3�6 − M8�0 = −0�4 mag.

NGC 2841.SAR3*./Sb Classical Bulge. At the very center of the bulge there is a small

nuclear spiral, however the vast majority of bulge light is dominated by smooth isophotes,

that appears similar to an E-type galaxy. The decompositionyieldsnb = 3�6, and the bulges

is not active withM3�6 − M8�0 = −0 �8 mag.

NGC 2903.SXT4../Sc(s) Pseudobulge. The bulge light is dominated bya flocculent spiral

that breaks into clumps in the center. The decomposition yields nb = 0�5, and the bulge is

actively forming stars withM3�6 − M8�0 = 2�2 mag.

NGC 2950RLBR0../RSB0 Pseudobulge. The bulge shows a nuclear bar, but otherwise

shows little spiral structure. The decomposition yieldsnb = 1�3, and the bulge is not active

with M3�6 − M8�0 = −1 �3 mag.

NGC 2964.SXR4*./Sc(s) The bulge has a strong nearly face-on nuclearspiral. The decom-

position yieldsnb = 1�0, and the bulge is actively forming stars withM3�6 − M8�0 = 2�0 mag.

NGC 2976.SA.5P./Sd No bulge/Pseudobulge. The center of the galaxy shows flocculent

spiral structure. However, there is not a significant rise insurface brightness. Indeed,

the decomposition showsB� T � 0 �1%, thus it is probably best to say the galaxy has no

bulge. The decomposition yieldsnb = 1�0, and the bulge is actively forming stars with

M3�6 − M8�0 = 1�4 mag.

NGC 2997.SXT5../Sc(s) Pseudobulge. The bulge is comprised of a bright nuclear spiral

that nearly forms a ring atr � 5̈. The decomposition yieldsnb = 1�0, and the bulge is ac-

tively forming stars withM3�6 − M8�0 = 1�5 mag.

NGC 3031 .SAS2../Sb(r) Classical Bulge. There is a dust lane that extends to near the

center of the galaxy, however most of the light is dominated by smooth isophotes that are

resemble an E galaxy. The decomposition yieldsnb = 3�9, and the bulges is not active with

M3�6 − M8�0 = −0�5 mag.

NGC 3032.LXR0../RSa pec Pseudobulge. The bulge has a prominent spiral that extends
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to the center of the galaxy. The decomposition yieldsnb = 2�6, and the bulge is actively

forming stars withM3�6 − M8�0 = 1�4 mag.

NGC 3156.L...*./ S0 Pseudobulge. There is a dust-lane that near the center becomes a nu-

clear spiral. The morphology is some what uncertain. The decomposition yieldsnb = 1�7,

and the bulge is not active withM3�6 − M8�0 = −0 �4 mag.

NGC 3184 .SXT6../Sc(r) Pseudobulge. The bulge has a prominent spiral that extends to

the center. The decomposition yieldsnb = 1�7, and the bulge is actively forming stars with

M3�6 − M8�0 = 1�4 mag.

NGC 3185RSBR1../SBa(s) Pseudobulge. The bulge has a nuclear ring that has radius of

aboutr � 2̈, with spiral arms extending off the ring. The decompositionyieldsnb = 1�0, and

the bulge is actively forming stars withM3�6 − M8�0 = 0�6 mag.

NGC 3190.SAS1P/Sa Pseudobulge. The galaxy is somewhat inclined which makes mor-

phology somewhat uncertain, however there appears to be spiral structure extending to the

center of the galaxy. The decomposition yieldsnb = 2�0, and the bulge is not active with

M3�6 − M8�0 = −0�4 mag.

NGC 3198.SBT5../Sc(s) Pseudobulge. The bulge shows a prominent spiral. The decom-

position yieldsnb = 1�3, and the bulge is actively forming stars withM3�6 − M8�0 = 1�2 mag.

NGC 3319.SBT6./SBc(s) Pseudobulge. The bulge is very elongated, and broken into sev-

eral star clusters. The decomposition yieldsnb = 0�6, and the bulge is actively forming stars

with M3�6 − M8�0 = 1�2 mag.

NGC 3344RSXR4./Sbc(rs) Classical Bulge. The bulge shows no sign of spiral structure,

and is morphologically similar to an E galaxy. The decomposition yieldsnb = 2�4, and the

bulge is not active withM3�6 − M8�0 = −0�3 mag.

NGC 3351 .SBR3./SBb(r) Pseudobulge. The bulge has a nuclear spiral and a prominent

nuclear ring. The decomposition yieldsnb = 1�5, and the bulge is actively forming stars

with M3�6 − M8�0 = 0�9 mag.

NGC 3368.SXT2./Sab(s) Pseudobulge. The bulge has a strong nuclear spiral. The decom-
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position yieldsnb = 1�6, and the bulge is not active withM3�6 − M8�0 = −0�2 mag.

NGC 3384.LBS-*./SB01 Pseudobulge. The bulge has a nuclear bar. The decomposition

yieldsnb = 1�4, and the bulge is not active withM3�6 − M8�0 = −1�3 mag.

NGC 3412.LBS0../SB0 Classical Bulge. The bulge shows no sign of spiral structure, and

is morphologically similar to an E galaxy. The decomposition yieldsnb = 2�6, and the bulge

is not active withM3�6 − M8�0 = −1 �3 mag.

NGC 3486.SXR5./Sbc(r) Pseudobulge. The bulge shows spiral structure extending from

the ring (atr � 15̈) to the center of the galaxy. The decomposition yieldsnb = 1�6, and the

bulge is actively forming stars withM3�6 − M8�0 = 1�6 mag.

NGC 3489.LXT+../S0-Sa Pseudobulge. The bulge has a nuclear spiral,which becomes a

nuclear bar in the central few arcseconds. The decomposition yieldsnb = 1�5, and the bulge

is not activeM3�6 − M8�0 = −0�7 mag.

NGC 3511.SAS5./Sc(s) Pseudobulge. The decomposition yieldsnb = 1�6, and the bulge is

actively forming starsM3�6 − M8�0 = 2�0 mag. There is not optical HST image.

NGC 3521.SXT4./Sbc(s) Classical Bulge. There is a distinct change in morphology from

the outer disk to the bulge, nearr � 9ïnside of which the bulge appears similar to an E-

type galaxy. The decomposition yieldsnb = 2�6, and the bulge is actively forming stars

M3�6 − M8�0 = 0�4 mag.

NGC 3593.SAS0*./Sa pec Pseudobulge. The bulge shows a prominent nuclear spiral. The

decomposition yieldsnb = 0�8, and the bulge is actively forming starsM3�6−M8�0 = 1�9 mag.

NGC 3621.SAS7./Sc(s) Pseudobulge. The bulge light is dominated by aflocculent spiral.

The decomposition yieldsnb = 2�8, and the bulge is actively forming starsM3�6 − M8�0 =

0 �8 mag.

NGC 3675.SAS3./Sb(r) Pseudobulge. The bulge light is dominated by aflocculent spiral.

The decomposition yieldsnb = 1�6, and the bulge is actively forming starsM3�6 − M8�0 =

0 �5 mag.

NGC 3726.SXR5./Sbc(rs) Pseudobulge. The decomposition yieldsnb = 0�8, and the bulge

249



is actively forming starsM3�6 − M8�0 = 1�3 mag. There is no optical HST image.

NGC 3906.SBS7./... Pseudobulge. This bulge is broken into several nuclear star clusters,

similar to a very late-type galaxy. The decomposition yieldsnb = 1�0, and the bulge is ac-

tively forming starsM3�6 − M8�0 = 1�0 mag.

NGC 3938.SAS5./Sc(s) Pseudobulge. The bulge shows a prominent face-on flocculent spi-

ral. The decomposition yieldsnb = 1�3, and the bulge is actively forming starsM3�6 − M8�0 =

1 �1 mag.

NGC 3941.LBS0../ SB0/a. Pseudobulge. The decomposition yieldsnb = 1�5, and the bulge

is not activeM3�6 − M8�0 = −1�2 mag. There is no optical HST image.

NGC 3945RLBT+../RSB0 Pseudobulge. The bulge shows a strong nuclearbar.The de-

composition yieldsnb = 1�5, and the bulge is not activeM3�6 − M8�0 = −1�3 mag.

NGC 3953.SBR4./SBbc(r) Pseudobulge. The decomposition yieldsnb = 1�5, and the bulge

is not activeM3�6 − M8�0 = −0�4 mag. There is not optical HST image.

NGC 3982.SXR3*/... Pseudobulge. The bulge shows a prominent face-on nuclear spiral.

The decomposition yieldsnb = 1�9, and the bulge is actively forming starsM3�6 − M8�0 =

0 �6 mag.

NGC 3990.L..-* / S0-Sa Pseudobulge. The decomposition yieldsnb = 1�1, and the bulge

is actively forming starsM3�6 − M8�0 = 1�1 mag. There is not optical HST image.

NGC 4020.SB.7? /... No Bulge/Pseudobulge. The decomposition yieldsnb = 0�3, and the

bulge is actively forming starsM3�6 − M8�0 = 0�5 mag. There is not optical HST image.

NGC 4117.L..0*./... Pseudobulge. The bulge light shows a spiral pattern. The decomposi-

tion yieldsnb = 1�4, and the bulge is not activeM3�6 − M8�0 = −0�22 mag.

NGC 4136.SXR5./Sc(r) Pseudobulge. The decomposition yieldsnb = 0�6, and the bulge is

actively forming starsM3�6 − M8�0 = 0�94 mag. There is not optical HST image.

NGC 4138 .LAR+../Sa(r) Pseudobulge. The bulge morphology is somewhere between

pseudo- and classical. The decomposition yieldsnb = 1�6, and the bulge is not active

M3�6 − M8�0 = −0�95 mag.
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NGC 4150.LAR0$./S0-Sa Classical Bulge. There is a very weak spiral dust pattern, how-

ever the center of the spiral is not coincident with the center of the stellar light. Also, most

of the bulge light appears to come from a classical like component in which the dust resides.

The decomposition yieldsnb = 5�4, and the bulge is slightly activeM3�6 − M8�0 = 0�15 mag.

NGC 4203.LX.-*./S0 Classical Bulge. Other than a thin-faint wisp ofdust, the bulge light

is smooth and looks very similar to an E-type galaxy. The decomposition yieldsnb = 2�8,

and the bulge is mildly active withM3�6 − M8�0 = 0�26 mag.

NGC 4237.SXT4./Sc(r) Pseudobulge. The galaxy is a nearly face-on flocculent spiral that

extends all the way into the resolution limit of HST. The decomposition yieldsnb = 1�3, and

the bulge is actively forming stars withM3�6 − M8�0 = 0�58 mag.

NGC 4254.SAS5../Sc(s) Pseudobulge. The galaxy is a nearly face-on spiral that extends

all the way into the resolution limit of HST. The decomposition yieldsnb = 1�7, and the

bulge is actively forming stars withM3�6 − M8�0 = 1�51 mag.

NGC 4258.SXS4./Sb(s) Pseudobulge (possibly Classical Bulge). Thebulge has a nuclear

spiral. Their is an opaque dust-lane that is off center that may affect morphology. The

decomposition yieldsnb = 2�8, and the bulge is mildly forming stars withM3�6 − M8�0 =

0 �04 mag.

NGC 4267.LBS-$./... Classical Bulge. The bulge has smooth undisturbed isophotes, no

sign of disk-like morphology. The decomposition yieldsnb = 4�2, and the bulge is not active

with M3�6 − M8�0 = −1 �30 mag.

NGC 4274RSBR2./Sa(sr) Pseudobulge. The bulge has a prominent nuclear spiral, and

possibly a moderately inclined nuclear ring. The decomposition yieldsnb = 1�6, and the

bulge is mildly forming stars withM3�6 − M8�0 = 0�12 mag.

NGC 4293RSBS0../Sa Pseudobulge. The bulge is flattened and shows a patchy, moder-

ately spiral pattern. The decomposition yieldsnb = 1�9, and the bulge is actively forming

stars withM3�6 − M8�0 = 1�68 mag.

NGC 4294.SBS6./SBc(s) Pseudobulge. The decomposition yieldsnb = 1�7, and the bulge
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is actively forming stars withM3�6 − M8�0 = 2�31 mag. There is no optical HST image.

NGC 4303 .SXT4../Sc(s) Pseudobulge. The bulge shows a tightly woundspiral, that ex-

tends down to a small nuclear bar. The decomposition yieldsnb = 1�7, and the bulge is

actively forming stars withM3�6 − M8�0 = 1�00 mag.

NGC 4314.SBT1./SBa(rs) pec Pseudobulge. The bulge has a very prominent nuclear ring,

and nuclear spiral. The decomposition yieldsnb = 2�9, and the bulge is mildly forming stars

with M3�6 − M8�0 = 0�35 mag.

NGC 4321.SXS4../Sc(s) Pseudobulge. The bulge has a two very prominent spiral arms that

almost form a ring. The decomposition yieldsnb = 1�2, and the bulge is actively forming

stars withM3�6 − M8�0 = 2�41 mag.

NGC 4371 .LBR+../SB0(r) Pseudobulge. This bulge shows little-to-no spiral structure,

however there is a nuclear ring (nearr � 5)̈ and a nuclear bar. The decomposition yields

nb = 3�9, and the bulge is not active withM3�6 − M8�0 = −1�21 mag.

NGC 4380 .SAT3*/Sab(s) Pseudobulge. The galaxy has a flocculent spiral that extends

into the central tens of parsecs. The decomposition yieldsnb = 1�8, and the bulge is actively

forming stars withM3�6 − M8�0 = 0�46 mag.

NGC 4394RSBR3./SBb(sr) Pseudobulge. There is a weak face-on spiralat that comprises

the centralr � 5öf the bulge. The decomposition yieldsnb = 2�0, and the bulge is not active

with M3�6 − M8�0 = −1 �92 mag.

NGC 4413PSBT2*/... Pseudobulge. The decomposition yieldsnb = 1�1, and the bulge is

actively forming stars withM3�6 − M8�0 = 1�83 mag. There is no optical HST image.

NGC 4414.SAT5$/Sc(sr) Pseudobulge. The bulge shows spiral structure, and there is little-

to-no break from the spiral of the outer disk. The decomposition yieldsnb = 0�4, and the

bulge is actively forming stars withM3�6 − M8�0 = 1�11 mag.

NGC 4419.SBS1./Sa Pseudobulge. The decomposition yieldsnb = 1�9, and the bulge is

actively forming stars withM3�6 − M8�0 = 0�84 mag. There is no optical HST image.

NGC 4421.SBS0../... Classical Bulge. The decomposition yieldsnb = 2�7, and the bulge is
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actively forming stars withM3�6 − M8�0 = −1�18 mag. There is no optical HST image.

NGC 4424 .SBS1*/Sa pec Pseudobulge. The bulge is broken into severalknots (or star

clusters) threaded with a dust-lane. The decomposition yields nb = 0�7, and the bulge is

actively forming stars withM3�6 − M8�0 = 1�09 mag.

NGC 4442.LBS0../SB0 Classical Bulge. The bulge isophotes are smooth and very much

like an E-type galaxy. The decomposition yieldsnb = 2�4, and the bulge is not active with

M3�6 − M8�0 = −1�17 mag.

NGC 4448.SBR2./Sa(late) Pseudobulge. The bulge shows a mild spiralpattern that con-

tinues to its center. The decomposition yieldsnb = 1�2, and the bulge is not active with

M3�6 − M8�0 = −0�29 mag.

NGC 4450.SAS2../Sab pec Pseudobulge. The bulge shows a spiral pattern. The decompo-

sition yieldsnb = 2�1, and the bulge is not active withM3�6 − M8�0 = −0 �66 mag.

NGC 4457RSXS0../RSb(s) Pseudobulge. The decomposition yieldsnb = 1�4, and the bulge

is mildly active withM3�6 − M8�0 = 0�20 mag. There is no optical HST image.

NGC 4491.SBS1*/... Pseudobulge. The decomposition yieldsnb = 0�9, and the bulge is

not active withM3�6 − M8�0 = −2�8 mag. There is no optical HST image.

NGC 4498 .SXS7../... Pseudobulge. The bulge is very thin, elongated, and broken into

clumps of stars. The decomposition yieldsnb = 1�0, and the bulge is actively forming stars

with M3�6 − M8�0 = 1�48 mag.

NGC 4501.SAT3../Sbc(s) Pseudobulge. The bulge is a nuclear spiral that becomes radial

nearr � 8̈, and this may be indicating that the bulge also contains a nuclear bar. The de-

composition yieldsnb = 0�9, and the bulge is not active withM3�6 − M8�0 = −0�37 mag.

NGC 4519 .SBT7./SBc(rs) Pseudobulge. The bulge is a spiral that breaks into several

clumps near the center. The decomposition yieldsnb = 0�8, and the bulge is actively form-

ing stars withM3�6 − M8�0 = 1�76 mag.

NGC 4526.LXS0*./S0 Classical Bulge. This is not a standard bulge. The bulge is very

large and when viewed at high contrast looks very much like anE-type galaxy. However,
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in the central� 10̈there is a spiral that is not continuing the spiral of the outer disk, but

rather seems embedded within a smooth E-like bulge. We decide that most of the light is

dominated by the component that appears classical. The decomposition yieldsnb = 3�5, and

the bulge is not very active withM3�6 − M8�0 = 0�03 mag.

NGC 4548.SBT3./... Classical Bulge. The decomposition yieldsnb = 2�9, and the bulge is

not active withM3�6 − M8�0 = −0�66 mag. There is no optical HST image.

NGC 4559.SXT6./Sc(s) Pseudobulge. The bulge is a nuclear spiral that breaks into a few

star clusters in the center of the galaxy. The decompositionyieldsnb = 1�1, and the bulge is

actively forming stars withM3�6 − M8�0 = 1�07 mag.

NGC 4569 .SXT2./Sab(s) Pseudobulge. The bulge shows a nuclear spiral that becomes

elongated near the center. The decomposition yieldsnb = 2�0, and the bulge is actively

forming stars withM3�6 − M8�0 = 1�38 mag.

NGC 4571 .SAR7./Sc(s) Pseudobulge. The bulge shows a prominent face-on flocculent

spiral that extends from the outer disk all the way to the center of the galaxy. The decom-

position yieldsnb = 1�9. There is no 8� m data.

NGC 4578.LAR0*./S0 Classical Bulge. The bulge light is very smooth and featureless,

much like an E-galaxy. The decomposition yieldsnb = 3�7, and the bulge is not active with

M3�6 − M8�0 = −1�26 mag.

NGC 4580 .SXT1P/Sc(s)-Sa Pseudobulge. The decomposition yieldsnb = 0�6, and the

bulge is actively forming stars withM3�6 − M8�0 = 1�92 mag. There is no available optical

HST image.

NGC 4605.SBS5P/Sc(s) No bulge/Pseudobulge. The ’bulge’ is really almost non-existent;

the decomposition yieldsB� T � 0�1%. There morphology of the bulge light is broken

into several star clusters, and there is no obvious center ofthe galaxy from looking at the

image. The decomposition yieldsnb = 0�6, and the bulge is actively forming stars with

M3�6 − M8�0 = 1�47 mag.

NGC 4612RLX.0../E5 Classical Bulge. The decomposition yieldsnb = 3�7, and the bulge
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is not active withM3�6 − M8�0 = −1 �23 mag. There is no optical HST image available.

NGC 4639.SXT4./SBb(r) Pseudobulge. The galaxy has a spiral that continues unbroken

into the center of the bulge. The decomposition yieldsnb = 1�3, and the bulge is not active

with M3�6 − M8�0 = −0 �27 mag.

NGC 4651.SAT5./Sc(r) Pseudobulge. The bulge is a nuclear spiral. The decomposition

yieldsnb = 1�6, and the bulge is actively forming stars withM3�6 − M8�0 = 0�54 mag.

NGC 4654.SXT6./SBc(rs) Pseudobulge. The bulge is a prominent spiral that breaks into

clumps near the center. The decomposition yieldsnb = 0�6, and the bulge is actively form-

ing stars withM3�6 − M8�0 = 1�72 mag.

NGC 4688.SBS6./... Pseudobulge. The decomposition yieldsnb = 1�4, and the bulge is not

active withM3�6 − M8�0 = −0�13 mag. There is no optical HST image available.

NGC 4689.SAT4../Sa Pseudobulge. The decomposition yieldsnb = 1�2, and the bulge is

actively forming stars withM3�6−M8�0 = 1�31 mag.There is no optical HST image available.

NGC 4698.SAS2./Sa Classical Bulge. The bulge show a very faint spiral structure, how-

ever the bulge light is dominated by smooth E-like isophotes. The decomposition yields

nb = 3�2, and the bulge is not active withM3�6 − M8�0 = −1�05 mag.

NGC 4701 .SAS1./... Pseudobulge. The bulge light is a strong multiple arm spiral that

becomes elongated near the center, possibly indicating a nuclear bar. The decomposition

yieldsnb = 1�8, and the bulge is actively forming stars withM3�6 − M8�0 = 1�55 mag.

NGC 4713.SXT7./... No Bulge/Pseudobulge. The ’bulge’ is almost non-existent (B� T �

0 �6%). The spiral pattern of the disk extends into the central arcsecond of the galaxy. The

decomposition yieldsnb = 1�6, and the bulge is actively forming stars withM3�6 − M8�0 =

0 �73 mag.

NGC 4725.SXR2P/SBb(r) Classical Bulge. The bulge has some patchy non-spiral dust,

but is mostly dominated by a smooth component that is similarto E-type galaxies. The

decomposition yieldsnb = 3�6, and the bulge is not active withM3�6 − M8�0 = −0�66 mag.

NGC 4736RSAR2./RSab(s) Pseudobulge. The bulge has a strong nuclearspiral and a nu-
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clear bar.The decomposition yieldsnb = 1�3, and the bulge is not active withM3�6 − M8�0 =

−0 �08 mag.

NGC 4808.SAS6*/Sc(s) Pseudobulge. The decomposition yieldsnb = 1�0, and the bulge

is actively forming stars withM3�6 − M8�0 = 1�22 mag. There is no optical HST image avail-

able.

NGC 4941RSXR2*/Sab(s) Pseudobulge. There is a nuclear spiral that extends to the cen-

tral few arcseconds. Inside of that there appears to be a nuclear bar. The decomposition

yieldsnb = 1�93, and the bulge is mildly active withM3�6 − M8�0 = 0�49 mag.

NGC 4984RSXR2*/Sab(s) Pseudobulge. The decomposition yieldsnb = 1�76, and the

bulge is actively forming stars withM3�6 − M8�0 = 1�18 mag. There is no optical HST image

available.

NGC 5005.SXT4./Sb(s) Pseudobulge. This bulge has a prominent two armed spiral in the

centralr � 5̈. The becomes radial most likely indicating a nuclear bar, and finally there is a

small nuclear cluster that is not spherical in the optical images. The decomposition yields

nb = 1�2, and the bulge is mildly active withM3�6 − M8�0 = 0�36 mag.

NGC 5033.SAS5./Sb(s) Pseudobulge. The bulge light is dominated by aflocculent spiral.

There is no break in the spiral pattern of the outer disk to that of the bulge. The decompo-

sition yieldsnb = 1�7, and the bulge is actively forming stars withM3�6 − M8�0 = 1�10 mag.

NGC 5055.SAT4./Sbc(s) Pseudobulge. The bulge light is dominated bya flocculent spiral.

The spiral of the outer disk extends into the central few arcseconds. The light in the central

arcsecond is dominated by a nuclear star cluster. The decomposition yieldsnb = 1�3, and

the bulge is actively forming stars withM3�6 − M8�0 = 1�20 mag.

NGC 5068.SXT6./SBc(s) No bulge/ Pseudobulge. The bulge is almost non-existent with

B� T � 0�1%. The bulge is very elongated and comprised of several starclusters. The

decomposition yieldsnb = 0�3, and the bulge is actively forming stars withM3�6 − M8�0 =

2 �08 mag.

NGC 5128.L...P./S0 + S pec Classical Bulge. The bulge light is dominated by a smooth
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component that is very much like an E-type galaxy, however there is a strong dust lane

going across the center of the galaxy. The decomposition yieldsnb = 2�6, and the bulge is

not active withM3�6 − M8�0 = −0�15 mag.

NGC 5194 .SAS4P/Sbc(s) Pseudobulge. Though this galaxy is clearly interacting with

NGC 5194B we include it because it is well studied, and may provide useful in under-

standing how interactions in the outer disk relate to pseudobulge growth. The bulge light is

dominated by a strong nuclear spiral. The decomposition yieldsnb = 0�5, and the bulge is

not active withM3�6 − M8�0 = −0�13 mag.

NGC 5236.SXS5./SBc(s) Pseudobulge. The bulge light is broken into several large clumps.

There is a roughly spiral dust pattern in the central 2-4.̈The decomposition yieldsnb = 0�4,

and the bulge is actively forming stars withM3�6 − M8�0 = 1�93 mag.

NGC 5248 .SXT4./Sbc(s) Pseudobulge. The bulge light is comprised ofa nuclear spiral

that also forms a ring nearr � 4̈. The decomposition yieldsnb = 0�7, and the bulge is ac-

tively forming stars withM3�6 − M8�0 = 1�62 mag.

NGC 5273.LAS0../ S0/a Classical Bulge. The very center of the bulge has a small dust

pattern that is almost spiral, however the vast majority of th bulge light is smooth and ap-

pears similar to an E-type galaxy. The decomposition yieldsnb = 4�1, and the bulge is not

active withM3�6 − M8�0 = −0�09 mag.

NGC 5338.LB..*./... Bulge Type Uncertain. The decomposition yields nb = 3�3, and the

bulge is active withM3�6 − M8�0 = −0�09 mag. There is no optical HST image available.

NGC 5457.SXT6./Sc(s) Pseudobulge. The bulge is spiral structure ofthe disk extends to

the center of the galaxy. A bright nuclear star cluster dominates the central arcsecond. The

decomposition yieldsnb = 1�51, and the bulge is mildly active withM3�6 − M8�0 = 0�27 mag.

NGC 5474.SAS6P/Scd Pseudobulge. The bulge is a set of star clusters roughly arranged

in a spiral pattern. The decomposition yieldsnb = 0�7, and the bulge is not active with

M3�6 − M8�0 = −0�093 mag.

NGC 5585.SXS7./Sd(s) Pseudobulge. The bulge is a set of star clusters roughly arranged
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in a spiral pattern. The decomposition yieldsnb = 0�9, and the bulge is mildly active with

M3�6 − M8�0 = −0�02 mag.

NGC 5643.SXT5./SBc(s) Pseudobulge. The bulge is a nuclear spiral that extends to the

center of HST image. The decomposition yieldsnb = 3�0, and the bulge is actively forming

stars withM3�6 − M8�0 = 1�10 mag.

NGC 5832.SBT3$/... Pseudobulge. The decomposition yieldsnb = 1�6, and the bulge is

not active withM3�6 − M8�0 = −0�14 mag. There is no optical HST image available.

NGC 5879.SAT4*/Sb(s) Pseudobulge. The flocculent spiral of the outer disk shows now

break and continues to the central sub-arcsecond of the galaxy. The decomposition yields

nb = 1�3, and the bulge is actively forming stars withM3�6 − M8�0 = 1�13 mag.

NGC 5949.SAR4$/Sc Pseudobulge. The decomposition yieldsnb = 1�7, and the bulge is

actively forming stars withM3�6 − M8�0 = 0�66 mag. There is no optical HST image avail-

able.

NGC 6207.SAS5./Sc(s) Pseudobulge. The flocculent spiral of the outer disk shows now

break and continues to the central sub-arcsecond of the galaxy. The decomposition yields

nb = 1�4, and the bulge is actively forming stars withM3�6 − M8�0 = 0�66 mag.

NGC 6300.SBT3./SBb(s) pec Pseudobulge. The bulge light contains a nuclear spiral that

extends to the bulge center. The decomposition yieldsnb = 0�5, and the bulge is actively

forming stars withM3�6 − M8�0 = 1�08 mag.

NGC 6503.SAS6./Sc(s) Pseudobulge. The flocculent spiral of the outer disk shows now

break and continues to the central sub-arcsecond of the galaxy. The decomposition yields

nb = 1�0, and the bulge is slightly active withM3�6 − M8�0 = 0�26 mag.

NGC 6684PLBS0../SBa(s) Classical Bulge. The bulge light is for the most part smooth

and similar to an E-type galaxy. There is possibly a nuclear bar nearr � 3̈. The decompo-

sition yieldsnb = 3�5, and the bulge is not active withM3�6 − M8�0 = −1 �21 mag.

NGC 6744.SXR4./Sbc(r) Classical Bulge. There is a mild dust lane that passes near the

center, otherwise the bulge light is smooth and very similarto an E-type galaxy. The de-
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composition yieldsnb = 3�1, and the bulge is not active withM3�6 − M8�0 = −0�57 mag.

NGC 7177.SXR3./Sab(r) Pseudobulge. The bulge light is comprised ofa bar that passes

through the center and ends with a ring nearr � 10̈. The decomposition yieldsnb = 1�8, and

the bulge is not active withM3�6 − M8�0 = −0�11 mag.

NGC 7217 RSAR2./Sb(r) Classical Bulge. There is an abrupt break in the spiral pat-

tern of the outer disk nearr � 8̈, inside of this the bulge is mostly smooth and similar

to an E-type galaxy. The decomposition yieldsnb = 2�2, and the bulge is not active with

M3�6 − M8�0 = −0�10 mag.

NGC 7331.SAS3./Sb(rs) Classical Bulge. The disk is inclined makingmorphology diffi-

cult, and not trustworthy. There is possibly a nuclear spiral in the bulge. The decomposition

yieldsnb = 5�7, and the bulge is not active withM3�6 − M8�0 = −1�13 mag.

NGC 7457 .LAT-$./S01 Classical Bulge. The bulge isophotes are smooth and look very

much like an E-type galaxy. The decomposition yieldsnb = 2�7, and the bulge is not active

with M3�6 − M8�0 = −1 �22 mag.

NGC 7713 .SBR7*/Sc(s) No bulge/Pseudobulge. The bulge is very smallwith B� T �

0 �5%. The flocculent spiral of the disk extends all the way into the center of the galaxy

until a nuclear star cluster dominates the light in the sub-arcsecond region. The decompo-

sition yieldsnb = 1�1, and the bulge is actively forming stars withM3�6 − M8�0 = 0�87 mag.

NGC 7741 .SBS6./SBc(s) Pseudobulge. There is a weak nuclear spiral in the center of

the bulge. The decomposition yieldsnb = 0�5, and the bulge is actively forming stars with

M3�6 − M8�0 = 1�42 mag.

NGC 7793.SAS7./Sd(s) Pseudobulge. The flocculent spiral of the outer disk shows now

break and continues to the central sub-arcsecond of the galaxy. The decomposition yields

nb = 1�1, and the bulge is actively forming stars withM3�6 − M8�0 = 1�09 mag.

UGC 10445.S..6?/... Pseudobulge. The bulge light is comprised of diffuse low surface

brightness light and a set of bright star clusters near the center. The decomposition yields

nb = 1�3, and the bulge is not active withM3�6 − M8�0 = −0�36 mag.
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Table 5.3. Derived Parameters

Galaxy Bulgea nb MSersic
3�6 log(re) � � e� 3�6 �

Morphology mag log(pc) mag arcsec−2

IC0342 P 1.78
�

0.37 -17.17
�

0.7 1.86
�

0.38 14.92
�

0.7
IC0749 ... 1.44

�
1.06 -13.4

�
1.27 2.31

�
0.86 20.94

�
1.16

NGC0300 P 1.64
�

0.49 -10.91
�

1.01 1.32
�

0.54 18.49
�

1.01
NGC0404 C 3.74

�
0.33 -17.66

�
0.44 2.25

�
0.32 16.43

�
0.44

NGC0628 P 1.55
�

0.17 -18.53
�

0.17 2.92
�

0.1 18.88
�

0.16
NGC0672 P 1.1

�
1.14 -10.86

�
1.22 1.23

�
0.35 18.11

�
1.2

NGC0925 P 0.74
�

0.32 -17.68
�

0.38 3.05
�

0.14 20.37
�

0.33
NGC1023 C 2.47

�
0.34 -20.9

�
0.53 2.89

�
0.21 16.35

�
0.53

NGC1058 P 1.09
�

0.46 -14.74
�

1.11 1.89
�

0.3 17.53
�

1.1
NGC1097 P 1.96

�
0.16 -21.47

�
0.17 3.1

�
0.12 16.83

�
0.17

NGC1313 P 1.32
�

1.22 -13.67
�

1 1.97
�

0.28 18.99
�

0.97
NGC1317 P 1.44

�
0.12 -21.75

�
0.18 2.7

�
0.09 14.55

�
0.18

NGC1433 P 0.8
�

0.1 -18.91
�

0.22 2.48
�

0.07 16.3
�

0.22
NGC1512 P 1.79

�
0.62 -19.11

�
0.61 2.76

�
0.22 17.51

�
0.61

NGC1543 P 1.51
�

0.16 -19.73
�

0.26 2.64
�

0.14 16.28
�

0.26
NGC1559 P 0.68

�
0.29 -20.38

�
0.28 2.91

�
0.09 16.96

�
0.27

NGC1566 P 1.6
�

0.57 -19.21
�

0.96 2.61
�

0.27 16.66
�

0.96
NGC1617 C 2.05

�
0.22 -19.41

�
0.27 2.58

�
0.16 16.29

�
0.27

NGC1637 P 1.62
�

0.53 -16.77
�

0.86 2.08
�

0.22 16.47
�

0.86
NGC1672 P 2.05

�
0.17 -20.51

�
0.24 2.69

�
0.14 15.73

�
0.23

5.9 Decomposition Results
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Table 5.3 (cont’d)

Galaxy Bulgea nb MSersic
3�6 log(re) � � e� 3�6 �

Morphology mag log(pc) mag arcsec−2

NGC1744 P 0.54
�

1.23 -15.29
�

1 2.33
�

1.03 19.19
�

0.95
NGC1808 P 0.77

�
0.05 -22.31

�
0.12 2.49

�
0.04 12.93

�
0.12

NGC2403 P 0.66
�

0.33 -16.82
�

0.33 2.75
�

0.09 19.74
�

0.32
NGC2500 P 1.73

�
0.76 -15.27

�
0.55 2.52

�
0.16 20.14

�
0.54

NGC2655 C 2.36
�

0.35 -20.65
�

0.55 2.76
�

0.37 15.98
�

0.55
NGC2685 C 2.12

�
0.3 -18.96

�
0.35 2.51

�
0.23 16.39

�
0.35

NGC2775 C 3.51
�

0.35 -20.61
�

0.45 3.16
�

0.26 17.99
�

0.44
NGC2841 C 3.6

�
0.27 -20.33

�
0.29 2.95

�
0.36 17.24

�
0.29

NGC2903 P 0.46
�

0.04 -18.95
�

0.09 2.33
�

0.02 15.49
�

0.09
NGC2950 P 1.32

�
0.6 -22.11

�
0.88 2.62

�
0.17 13.82

�
0.88

NGC2964 P 1.05
�

0.22 -18.42
�

0.32 2.25
�

0.12 15.62
�

0.31
NGC2976 P 1.06

�
0.14 -10.53

�
0.19 0.65

�
0.08 15.53

�
0.18

NGC2997 P 1.02
�

0.12 -18.87
�

0.18 2.58
�

0.07 16.85
�

0.18
NGC3031 C 3.88

�
0.23 -21.21

�
0.36 3.1

�
0.28 17.11

�
0.36

NGC3032 P 2.6
�

0.29 -18.94
�

0.66 2.67
�

0.53 17.21
�

0.66
NGC3156 P 1.65

�
0.54 -19.51

�
0.68 2.65

�
0.13 16.57

�
0.68

NGC3184 P 1.65
�

0.42 -16.2
�

0.61 2.28
�

0.29 18.03
�

0.6
NGC3185 P 1.02

�
0.76 -18.57

�
2.02 2.69

�
0.45 17.71

�
2

NGC3190 P 1.99
�

0.65 -20.47
�

0.95 2.7
�

0.27 15.84
�

0.95
NGC3198 P 1.3

�
0.56 -16.6

�
1 2.41

�
0.27 18.26

�
1

261



Table 5.3 (cont’d)

Galaxy Bulgea nb MSersic
3�6 log(re) � � e� 3�6 �

Morphology mag log(pc) mag arcsec−2

NGC3319 P 0.61
�

0.13 -17.39
�

0.12 2.98
�

0.05 20.33
�

0.11
NGC3344 C 2.39

�
0.33 -17.2

�
0.5 2.34

�
0.18 17.32

�
0.5

NGC3351 P 1.54
�

0.22 -18.87
�

0.24 2.47
�

0.16 16.32
�

0.24
NGC3368 P 1.63

�
0.18 -19.59

�
0.22 2.5

�
0.12 15.72

�
0.22

NGC3384 P 1.42
�

0.2 -19.52
�

0.34 2.38
�

0.15 15.21
�

0.34
NGC3412 C 2.65

�
0.31 -18.6

�
0.62 2.35

�
0.54 15.97

�
0.62

NGC3486 P 1.62
�

0.56 -16.79
�

0.77 2.22
�

0.25 17.14
�

0.77
NGC3489 P 1.47

�
0.28 -18.9

�
0.54 2.29

�
0.22 15.36

�
0.54

NGC3511 ... 1.55
�

0.58 -17.9
�

0.6 2.77
�

0.25 18.75
�

0.59
NGC3521 C 2.6

�
0.82 -19.61

�
1.17 2.54

�
0.49 15.88

�
1.16

NGC3593 P 0.81
�

0.11 -20.15
�

0.17 2.71
�

0.06 16.22
�

0.17
NGC3621 P 2.79

�
0.48 -17.65

�
0.62 2.58

�
0.49 18.06

�
0.61

NGC3675 P 1.62
�

0.66 -19.27
�

1.02 2.67
�

0.43 16.88
�

1.01
NGC3726 ... 0.83

�
0.16 -17.03

�
0.22 2.51

�
0.08 18.34

�
0.22

NGC3906 P 0.97
�

0.46 -18.2
�

0.41 2.9
�

0.2 19.12
�

0.29
NGC3938 P 1.35

�
0.12 -17.48

�
0.13 2.53

�
0.07 17.99

�
0.13

NGC3941 ... 1.53
�

0.47 -19.09
�

0.86 2.32
�

0.3 15.32
�

0.86
NGC3945 P 1.54

�
0.14 -20.88

�
0.19 2.9

�
0.11 16.44

�
0.19

NGC3953 ... 1.54
�

0.61 -18.93
�

1.04 2.59
�

0.33 16.84
�

1.04
NGC3982 P 1.95

�
0.19 -16.82

�
0.2 2.21

�
0.11 17.03

�
0.2

262



Table 5.3 (cont’d)

Galaxy Bulgea nb MSersic
3�6 log(re) � � e� 3�6 �

Morphology mag log(pc) mag arcsec−2

NGC3990 ... 1.08
�

0.57 -17.81
�

1.16 2.32
�

0.22 16.59
�

1.16
NGC4020 ... 0.3

�
0.93 -13.92

�
1.86 2.03

�
0.17 19.05

�
1.81

NGC4117 P 1.36
�

0.47 -17.34
�

0.62 2.52
�

0.24 18.08
�

0.62
NGC4136 ... 0.64

�
0.56 -14.21

�
0.75 2.19

�
0.15 19.53

�
0.74

NGC4138 P 1.65
�

0.47 -19.94
�

0.76 2.26
�

0.21 14.18
�

0.76
NGC4150 C 5.37

�
0.29 -19.36

�
0.56 2.81

�
0.49 17.49

�
0.56

NGC4203 C 2.76
�

0.29 -20.45
�

0.57 2.84
�

0.4 16.55
�

0.57
NGC4237 P 1.35

�
0.41 -19.85

�
0.4 2.8

�
0.18 16.97

�
0.39

NGC4254 P 1.72
�

0.56 -20.85
�

0.5 2.87
�

0.21 16.31
�

0.49
NGC4258 P 2.8

�
0.28 -19.72

�
0.42 2.77

�
0.05 16.96

�
0.42

NGC4267 C 4.23
�

0.27 -21.8
�

0.36 3.01
�

0.33 16.04
�

0.35
NGC4274 P 1.6

�
0.35 -19.65

�
0.56 2.65

�
0.27 16.44

�
0.56

NGC4293 P 1.93
�

0.36 -18.07
�

0.48 2.17
�

0.28 15.59
�

0.48
NGC4294 ... 1.31

�
0.89 -13.5

�
0.72 2.32

�
0.25 20.92

�
0.69

aP- Pseudobulge C- Classical Bulge
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Table 5.4. Derived Parameters

Galaxy � disk
0� 3�6 log(h) M8� dust M3�6-M8�0

mag arcsec−2 log(pc) mag mag

IC0342 19.88
�

0.08 3.46
�

0.02 -19.89 1.99
�

0.16
IC0749 20.21

�
0.15 3.14

�
0.03 -15.05 0.98

�
0.54

NGC0300 20.74
�

0.04 3.29
�

0.01 -9.63 -1.46
�

1.40
NGC0404 17.31

�
0.13 2.51

�
0.02 -16.09 -0.46

�
0.05

NGC0628 20.13
�

0.06 3.58
�

0.01 -18.80 0.18
�

0.01
NGC0672 20.04

�
0.14 3.26

�
0.02 -14.84 2.20

�
1.17

NGC0925 20.46
�

0.10 3.53
�

0.01 -20.41 2.86
�

0.06
NGC1023 19.02

�
0.12 3.55

�
0.02 -18.11 -1.17

�
0.08

NGC1058 19.73
�

0.05 3.04
�

0.01 -16.20 0.82
�

0.08
NGC1097 19.17

�
0.11 3.68

�
0.02 -22.59 1.31

�
0.01

NGC1313 18.42
�

0.07 3.03
�

0.01 -13.71 -0.72
�

0.11
NGC1317 18.06

�
0.10 3.38

�
0.02 -21.95 0.40

�
0.01

NGC1433 19.64
�

0.05 3.51
�

0.01 -19.06 0.26
�

0.01
NGC1512 20.06

�
0.76 3.45

�
0.12 -18.96 0.21

�
0.01

NGC1543 19.40
�

0.09 3.37
�

0.01 -17.52 -1.27
�

0.01
NGC1559 17.59

�
1.69 3.28

�
0.11 -25.22 5.50

�
0.03

NGC1566 18.81
�

0.11 3.39
�

0.01 -19.56 0.21
�

0.03
NGC1617 18.82

�
0.11 3.36

�
0.01 -17.60 -1.04

�
0.05

NGC1637 19.50
�

0.11 3.05
�

0.01 -20.76 3.42
�

0.06
NGC1672 19.44

�
0.08 3.62

�
0.01 -22.61 1.99

�
0.01
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Table 5.4 (cont’d)

Galaxy � disk
0� 3�6 log(h) M8� dust M3�6-M8�0

mag arcsec−2 log(pc) mag mag

NGC1744 19.54
�

0.65 3.55
�

0.23 -17.00 5.16
�

2.36
NGC1808 17.05

�
0.04 3.33

�
0.01 -25.17 3.27

�
0.01

NGC2403 20.04
�

0.81 3.28
�

0.15 -17.92 1.20
�

0.02
NGC2500 19.15

�
0.08 3.01

�
0.02 -15.92 0.38

�
0.13

NGC2655 17.88
�

0.13 3.19
�

0.01 -19.82 -0.55
�

0.10
NGC2685 18.17

�
0.16 2.96

�
0.02 -16.79 -1.00

�
0.01

NGC2775 19.55
�

0.21 3.46
�

0.03 -20.18 -0.38
�

0.08
NGC2841 18.95

�
0.10 3.48

�
0.02 -18.30 -0.79

�
0.01

NGC2903 17.99
�

0.04 3.25
�

0.01 -20.92 2.17
�

0.01
NGC2950 19.38

�
0.25 3.61

�
0.03 -19.45 -1.25

�
0.01

NGC2964 18.44
�

0.11 3.19
�

0.01 -20.45 1.96
�

0.06
NGC2976 19.68

�
0.03 2.91

�
0.01 -14.11 1.44

�
0.10

NGC2997 20.13
�

0.07 3.83
�

0.04 -20.57 1.49
�

0.01
NGC3031 19.07

�
0.11 3.52

�
0.01 -20.25 -0.51

�
0.01

NGC3032 20.35
�

0.34 3.16
�

0.04 -20.21 1.40
�

0.02
NGC3156 18.26

�
0.41 3.07

�
0.05 -18.97 -0.38

�
0.01

NGC3184 20.12
�

0.09 3.37
�

0.01 -17.70 1.38
�

1.80
NGC3185 18.85

�
0.79 3.19

�
0.11 -19.37 0.65

�
0.01

NGC3190 18.61
�

0.23 3.38
�

0.02 -19.17 -0.42
�

1.97
NGC3198 19.91

�
0.09 3.35

�
0.01 -18.23 1.18

�
1.10
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Table 5.4 (cont’d)

Galaxy � disk
0� 3�6 log(h) M8� dust M3�6-M8�0

mag arcsec−2 log(pc) mag mag

NGC3319 22.25
�

0.09 3.61
�

0.02 -17.36 1.20
�

0.18
NGC3344 19.70

�
0.07 3.20

�
0.01 -16.69 -0.31

�
6.02

NGC3351 19.28
�

0.09 3.31
�

0.01 -19.93 0.91
�

0.03
NGC3368 18.30

�
0.12 3.15

�
0.02 -19.16 -0.23

�
0.43

NGC3384 19.22
�

0.13 3.29
�

0.03 -16.79 -1.28
�

0.01
NGC3412 19.22

�
0.15 3.02

�
0.01 -15.73 -1.35

�
0.02

NGC3486 19.06
�

0.31 2.93
�

0.05 -19.67 1.57
�

0.19
NGC3489 18.35

�
0.11 2.93

�
0.01 -17.53 -0.69

�
0.08

NGC3511 19.31
�

0.12 3.49
�

0.02 -20.20 1.97
�

0.01
NGC3521 17.93

�
0.21 3.27

�
0.02 -20.12 0.43

�
0.10

NGC3593 19.58
�

0.13 3.25
�

0.01 -20.87 1.95
�

0.01
NGC3621 17.26

�
0.05 3.31

�
0.01 -18.84 0.81

�
0.17

NGC3675 18.28
�

0.16 3.26
�

0.01 -19.92 0.55
�

0.32
NGC3726 19.97

�
0.07 3.47

�
0.01 -18.26 1.25

�
0.03

NGC3906 20.03
�

0.60 3.44
�

0.17 -15.62 0.96
�

0.90
NGC3938 19.60

�
0.04 3.33

�
0.01 -18.94 1.11

�
1.00

NGC3941 17.49
�

0.14 2.92
�

0.01 -17.43 -1.18
�

0.01
NGC3945 20.71

�
0.37 3.64

�
0.10 -18.13 -1.26

�
0.01

NGC3953 18.91
�

0.11 3.41
�

0.01 -18.89 -0.42
�

0.07
NGC3982 18.60

�
0.11 2.91

�
0.01 -17.02 0.58

�
5.24
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Table 5.4 (cont’d)

Galaxy � disk
0� 3�6 log(h) M8� dust M3�6-M8�0

mag arcsec−2 log(pc) mag mag

NGC3990 18.64
�

0.20 2.75
�

0.01 -18.70 1.03
�

0.01
NGC4020 18.46

�
0.06 3.16

�
0.02 -15.07 0.50

�
0.77

NGC4117 19.74
�

2.23 2.84
�

0.11 -16.67 -0.22
�

0.02
NGC4136 20.34

�
0.06 3.16

�
0.01 -16.03 0.94

�
0.19

NGC4138 17.39
�

0.19 3.07
�

0.02 -18.98 -0.95
�

0.95
NGC4150 19.67

�
0.23 2.98

�
0.03 -17.98 0.16

�
0.11

NGC4203 20.46
�

0.19 3.60
�

0.04 -20.32 0.27
�

0.05
NGC4237 18.26

�
0.33 3.12

�
0.03 -18.83 0.58

�
0.10

NGC4254 17.39
�

0.17 3.43
�

0.02 -22.99 1.51
�

0.03
NGC4258 18.82

�
0.06 3.50

�
0.01 -19.42 0.04

�
0.30

NGC4267 20.10
�

0.51 3.50
�

0.07 -18.81 -1.30
�

0.01
NGC4274 19.56

�
0.14 3.52

�
0.02 -19.80 0.12

�
0.01

NGC4293 19.00
�

0.10 3.51
�

0.02 -19.18 1.68
�

0.64
NGC4294 19.44

�
0.04 3.09

�
0.01 -15.96 2.31

�
0.12

aP- Pseudobulge C- Classical Bulge

Here we show figures of all bulge-disk decompositions used inthis paper. For

each galaxy the points of the surface brightness profile thatare included in the fitting are

represented by filled circles, those points not included in the fit are represented by crosses.

The fits are represented by three solid red lines, one for the Sérsic function, another for

the exponential outer disk, and the third is the sum of the bulge and disk light. We plot

all profiles againstr1� 4 because to facilitate identification of structural features such as bars

and rings.
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Figure 5.18 Galaxy surface brightness profiles and decompositions from Table 2. Solid
circles are those included in the fitting, crosses are pointsnot included in the fit. The three
red lines represent the Sérsic function, exponential disk,and sum of the two which results
from bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.

275



Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.

282



Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Figure 5.1 Galaxy surface brightness profiles and decompositions from Table 2. Solid cir-
cles are those included in the fitting, crosses are points notincluded in the fit. The three red
lines represent the Sérsic function, exponential disk, andsum of the two which results from
bulge-disk decomposition.
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Chapter 6

A Connection Between Bulge

Properties and the Bimodality of

Galaxies1

tionIntroduction

The study of the statistical properties of galaxies has advanced rapidly due to the

release of large amounts of homogeneously sampled data fromwide area surveys such as

the Sloan Digital Sky Survey (SDSS; Adelman-McCarthy et al., 2006). The most notable

result of recent years has been the bimodal distribution of many galaxy properties. Galaxies

are bimodally distributed in the color–magnitude plane separating into a red sequence and

a blue cloud (Strateva et al., 2001; Balogh et al., 2004; Baldry et al., 2004) and also (Liske

et al., 2003; Driver et al., 2006). Other structural parameters, such as luminosity, size,

surface density, and concentration, separate similarly into two sequences (Blanton et al.,

2003; Shen et al., 2003; Driver et al., 2006). Stellar populations and stellar masses and

mass surface density follow as well (Kauffmann et al., 2003).

It is worth pointing out that some aspects of this bimodalityin galaxy properties

1This chapter has also been published as Drory & Fisher (2007)ApJ 664 640.

293



have been known in other forms for a while. An example is the existence of a tight color–

magnitude relation for early-type galaxies and the non-existence of such a relation for late-

type galaxies (de Vaucouleurs & de Vaucouleurs, 1973).

The fact that the bimodality is manifested in many parameters in a similar way

is perhaps not surprising. Structural and stellar population related parameters of galaxies

are known to be well correlated, giving rise to galaxy classification schemes such as the

Hubble Sequence (Hubble, 1926; Sandage, 1961; see Roberts &Haynes, 1994 for a review

of parameter correlations along the Hubble Sequence).

On the one extreme of the Hubble Sequence we find elliptical (E) galaxies, which

are thought to be the prototypical red-sequence objects, and on the other extreme pure disk

galaxies (Sd-Sm), which populate the blue cloud. Intermediate-type (Sa-Sbc) galaxies form

a sequence in bulge-to-total ratio,B� T, and therefore bridge the red and blue loci in the

color–magnitude plane. It is therefore reasonable to attribute the bimodality seen in colors

of galaxies to this bulge-disk two-component nature of galaxies, a point recently affirmed

by Driver et al. (2006).

Yet, identifying the physical structures that are responsible for the bimodal distri-

bution is not entirely straight-forward. Firstly, colors of disks and their associated bulges

are correlated, such that redder disks harbor redder bulges(Peletier & Balcells, 1996; de

Jong, 1996; MacArthur et al., 2004). Secondly, it has now been established that there are

at least two types of bulges, where “bulge” is defined as the excess light over the inward

extrapolation of the surface brightness profile of the outerdisk. The common procedure

in the literature to identify bulges is by surface brightness profile decomposition and this

practice identifies all types of bulges in a common fashion. Thus we still refer to all the

structures that are found in this way as “bulges”. A more physically motivated definition

is given below, however the term “bulge” defined in such purely observational terms is still

operationally useful and hence we will adopt this photometric definition in this paper. We

will, however, prefix this observationally-motivated term“bulge” by physically-motivated
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qualifiers.

Many bulges are dynamically hot systems resembling elliptical galaxies that happen

to have a disk around them (e.g. Renzini, 1999). These bulgesare called “classical bulges”.

Their formation is assumed to be similar to that of elliptical galaxies, which are thought

to be the products of violent relaxation during major mergers. This happens in environ-

mentally driven evolution, which was the dominant process driving galaxy formation in the

early universe.

On the other hand, “pseudobulges” are bulges that have structure and kinematics

resembling that of disks. They are believed to have formed via dramatically different for-

mation channels than those responsible for the formation ofclassical bulges (see Kormendy

& Kennicutt, 2004 for a comprehensive review). Pseudobulges are dynamically cold (Kor-

mendy, 1993). They have flattening similar to that of the outer disk (Kent, 1985; Kormendy,

1993; Fathi & Peletier, 2003; Kormendy & Fisher, 2005; Kormendy et al., 2006). Also, they

may have embedded secondary bars, rings, and/or spiral structure (Carollo et al., 1997).

All these are disk phenomena which do not occur in hot stellarsystems. Therefore, these

bulges could not have been formed by mergers involving violent relaxation. Instead, they

are thought to form through slow rearrangement of disk material. Disk galaxies form their

structural analogs to these nuclear features as a result of having high angular momentum

compared to random motions. We expect a similar phenomenon is occurring in pseudob-

ulges. Kormendy (1993) shows that some bulges do have stellar dynamics which resemble

inclined disks better than they do oblate rotators.

What can drive disk galaxies to reshape themselves to form a pseudobulge? Non-

axisymmetries in the gravitational potential (bars, ovals, spiral structure) redistribute energy

and angular momentum in disks. A large body of literature reviewed by Kormendy &

Kennicutt (2004) makes a strong case that bars rearrange disk gas into inner rings, outer

rings, and dump gas into the center. All indications are thatslow evolution of disks builds

up the central gas density, resulting in star formation and bulge-like stellar densities, thus
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forming pseudobulges. Disk evolution is mostly “secular” –its timescales are much longer

than the collapse time. Fisher (2006b) shows that pseudobulges are experiencing enhanced

star formation over classical bulges. This further favors the idea that pseudobulges form

through a slower process (secular evolution), and hence arestill being built today. For

recent reviews on this subject see Kormendy & Kennicutt (2004) and Athanassoula (2005).

Hence, if pseudobulges are truly disk phenomena (in some waylike bars or rings),

it is natural to expect that the dichotomy of galaxy properties is not merely a product of

changing bulge-to-total ratio, but distinguishesdisks(including their pseudobulges) from

classical bulges. This imposes us to ask two questions. Do galaxies with pseudobulges

behave like bulgeless pure disk galaxies? Secondly, is the location of a galaxy with re-

spect to the (color) bimodality determined by the relative prominence of its bulge and disk

components alone?

The existence of a dichotomy among bulges themselves offersan opportunity to test

this. The question becomes whether at intermediate Hubble types of Sa-Sbc, where both

bulge types are found, the color bimodality separates galaxies at some bulge-to-total ratio,

or, whether it separates galaxies of different bulge type, irrespective of bulge-to-total ratio

(or neither).

In this paper, we answer these questions by comparing the location of galaxies with

pseudobulges to that of galaxies with classical bulges withrespect to the bimodality of

the color and structural distributions of galaxies in general, i.e. we look for a relationship

between the type of bulge a galaxy has and the global properties of the galaxy harboring the

bulge.

This paper is organized as follows. Sect. 6.1 discusses the galaxy sample used

in this work and lays out the analysis methods and bulge classification scheme we use. In

Sect. 6.2 we present and discuss the dependence of galaxy properties on bulge type. Finally,

we summarize and discuss our results in Sect. 6.3.
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6.1 The galaxy sample

The aim of this work is to compare the location of galaxies with pseudobulges to that of

galaxies with classical bulges with respect to the bimodal distribution of global galaxy

colors and structural properties. We will compare the loci of galaxies with pseudobulges

to that of galaxies with classical bulges in the color–magnitude plane (u−r vs. Mr) and

structure-color plane (central surface brightness,�
0, and global Sérsic index,n, vs.u−r).

We select a sample of 39 galaxies spanning Hubble types S0 to Sc by cross referenc-

ing the Third Reference Catalog of Bright Galaxies (RC3; de Vaucouleurs et al., 1991), the

Sloan Digital Sky Survey Data Release Four (SDSS - DR4) database (Adelman-McCarthy

et al., 2006), and the Hubble Space Telescope (HST) archive.We require that the galaxies

have inclinationi � 60� to reduce the effect of dust. We will use the RC3 Hubble classifi-

cation, colors and total magnitudes from SDSS images, and surface brightness profile fits

to combined HST and SDSS surface photometry. We identify pseudobulges and classical

bulges using the high-resolution HST images. We maintain a roughly even sampling of

Hubble types from S0 to Sc.

6.1.1 Identification of pseudobulges

In this study, we classify galaxies as having a pseudobulge using bulge morphology; if

the “bulge” is or contains a nuclear bar, nuclear spiral, and/or nuclear ring the “bulge” is

actually a pseudobulge. Conversely if the bulge is featureless and more round than the

outer disk, the bulge is called a classical bulge. Fig. 6.1 illustrates typical examples of

what we identify as classical bulges (left panels) and a pseudobulges (right panels). Notice

first, that the classical bulge (NGC 3898) has a smooth and regular stellar light profile as

seen in the WFPC2 F547M image in the middle panel of Fig. 6.1. There is no reason

evident in the image to think that this galaxy harbors a pseudobulge. On the other hand,

NGC 4536 is a typical example of a galaxy with nuclear spiral structure and patchiness

(i.e. a pseudobulge). A decomposition of the stellar surface brightness profile shows that
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Figure 6.1 An example of pseudobulge (NGC 4536; right panels) and classical bulge
(NGC 3898; left panels) identification. The top panels show an SDSS color image of each
galaxy. The middle panels show HST WFPC2 images of the bulgesof their respective
galaxy. The white box on the SDSS image shows the extent of theHST images, and 10� �
is marked as a white line in the HST images for scale. Bulge-disk decompositions of com-
posite HST plus SDSS surface brightness profiles are shown inthe bottom panels.
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the pseudobulge dominates the light profile to a radius of� 9 arcseconds. The WFPC2

F606W image in the middle panel implies that the entire pseudobulge appears to exhibit

spiral structure. Notice that spiral structure exists in the small region inside the box on the

wider field SDSS image. Also notice that the classical bulge has a� (r) � r1� 3�4 profile,

while the pseudobulge is nearly exponential.

We identify pseudobulges using HST archival images in the optical wavelength

regime (B throughI) . This makes bulge classification subject to the effects of dust. How-

ever, the structures used to identify pseudobulges are usually experiencing enhanced star

formation rates, and are easier to detect in the optical region of the spectrum where the

mass-to-light ratios are more affected by young stellar populations, rather than in the near

infrared where the effects of dust are lesser. Classical bulges may have dust in their center,

as do many elliptical galaxies (Lauer et al., 2005). The presence of dust alone is not enough

to classify a galaxy as containing a pseudobulge.

Another caveat when using morphology is that the structureswe wish to identify as

well as the color of a galaxy can be distorted or altered during early stages of a merger. For

example NGC 3169 and NGC 3166 form a close pair (separation is� 50 kpc). Sandage

& Bedke (1994) note that NGC 3169 shows a warped disk and peculiar morphology. Both

of these galaxies have nuclear structure that is similar to structure found in pseudobulges.

However, given the presence of the companion, we cannot say whether the central struc-

ture represents a secularly-evolved pseudobulge or is due to short-term merger-induced gas

inflow and star formation (see Kannappan et al., 2004).

We use the NASA Extragalactic Database (NED) to search for any evidence of close

companions of similar magnitude, tidal distortions, or peculiar morphology. We remove

those galaxies which seem to be interacting with other galaxies from our sample. Three

galaxies in our sample have companions at� 100 kpc, which do not appear to affect the

morphology of these galaxies’ disks.

Of the 39 galaxies in our sample, 10 galaxies are classified ashaving a classical
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bulge (3 S0, 3 Sa, and 4 Sab) and 29 galaxies are classified as having a pseudobulge (3 S0,

4 Sa, 1 Sab, 5 Sb, 6 Sbc, and 10 Sc). We do not distinguish between barred and unbarred

galaxies in this work. The sample ends up favoring pseudobulges over classical bulges,

most likely due to the constraint of even sampling along Hubble types as pseudobulges are

more common in late type galaxies.

Table 1 lists the galaxies in our bulge sample along with their bulge classification,

Hubble types, magnitudes, colors, and other derived quantities (described below).

6.1.2 Photometry

We calculate total magnitudes and colors from direct integration of 2D surface brightness

profiles in the SDSSu andr band images. We use the code of Bender & Moellenhoff (1987)

on images available publicly from the SDSS archive (Adelman-McCarthy et al., 2006).

First, interfering foreground objects are identified in each image and masked man-

ually. Then, isophotes are sampled by 256 points equally spaced in an angle� relating to

polar angle by tan� = a� b tan� , where� is the polar angle andb� a is the axial ratio. An

ellipse is then fitted to each isophote by least squares. The software determines six pa-

rameters for each ellipse: relative surface brightness, center position, major and minor axis

lengths, and position angle along the major axis.

To calculate the structural quantities central surface brightness,� 0, and global Sér-

sic index,n, we fit a Sérsic function,

� (r) = �
0 + (r � r0)1� n � (6.1)

to the mean isophote axis of SDSS surface brightness profiles. It is well known that surface

brightness profiles of intermediate type galaxies are not well described by single component

models. At least two component functions (bulge plus outer disk) are required; also, many

galaxies contain bars, rings and ovals that further complicate the surface brightness profile.

For the nearby galaxies in our bulge sample a single-component Sérsic fit is clearly not an
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excellent fit to the galaxies’ light profiles. However, we wish to compare these fits to the

published manifestations of the galaxy bimodality. Therefore, we must calculate quantities

similar to those in large surveys. Typical root-mean-square deviations of our Sérsic fits to

the galaxy profiles are 0.1-0.2 mag arcsec−2.

Bulge-to-total (B� T) ratios are calculated by fitting Sérsic functions combinedwith

an exponential for the outer disk to the 1D surface brightness profile of each galaxy:

� (r) = �
0� b + � r

r0� b � 1� nb

+ �
0� d +

r
h

� (6.2)

where the� 0� b andr0� b reflect central surface brightness and scale length of the bulge, while

�
0� d andh are the analogous quantities for the outer disk.nb is the Sérsic index of the bulge.

Equation 6.2 is fit to surface brightness profiles generated from HST archival images

combined with SDSSr band photometry as discussed above. For calculatingB� T, we allow

the bulge and the disk component to have individual ellipticities, which we take to be the

average ellipticity within each component. This definitelyadds a little uncertainty to the

resultingB� T, as both bulges and disks are known to have varying ellipticity profiles (Fathi

& Peletier, 2003). However, for our purposes this method is sufficient. Finally, theB� T

that we quote is the ratio of the radially integrated Sérsic function and the radially integrated

sum of the Sérsic and the exponential. We have checked that there is no trend ofB� T with

inclination for pseudobulges, classical bulges, or the combined sample.

We refer the reader to Table 1, where these quantities are listed for all our bulge

galaxies.

6.2 Dependence of bimodal galaxy properties on bulge type

Does the shift from the blue cloud to the red sequence coincide with a shift in predominance

of the disk to the bulge?

Using extensive 2D photometry, Driver et al. (2006) find thatthe bimodality of
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Figure 6.2 The location of three different galaxy populations is shown in global color vs.
total magnitude space, from left to right: early-type (E-S0), intermediate-type (Sa-Sbc),
and late-type (Sc-Irr). Galaxies identified as having pseudobulges are represented by filled
triangles, galaxies with classical bulges are shown as filled circles. Galaxies without bulge
identification are shown as open symbols for comparison. Thedashed line separates the red
sequence from the blue cloud following Baldry et al. (2004).

galaxies in color–magnitude space becomes more pronouncedwhen the color is constrained

to the central region of the galaxy. They also show that the concentration of the galaxy,

parameterized by global Sérsic index, participates in the bimodality in galaxy properties as

well. This motivates them to suggest that the fundamental division of galaxies is merely

that of bulges (old, red, high concentration) and disks (star forming, blue, diffuse). With

this two-component nature of galaxies, the position of an object on the blue–red divide is

thought of as a function of the bulge-to-total ratio,B� T, alone.

The existence of intermediate-type Sa-Sbc galaxies on boththe red and blue se-

quence challenges the suggestion that the bimodality of galaxies divides along the disk-

bulge dichotomy. Intermediate type galaxies have roughly constant (and large) bulge-to-

total ratios on average (Simien & de Vaucouleurs, 1986). Bulge-to-total ratios begin to fall

much more rapidly only at Hubble types Sbc-Sc and later. Moreover, disk color and bulge

color are correlated: redder bulges reside in redder disks (Peletier & Balcells, 1996; de

Jong, 1996; MacArthur et al., 2004). Galaxies are not made byrandomly mixing disk and
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bulge components.

At issue, therefore, is whether the galaxy bimodality is just a product of changing

emphasis of each subcomponent (i.e. simplyB� T), or possibly a signature of differing

evolutionary histories of the whole galaxy.

The existence of a dichotomy among bulges themselves offersthe opportunity to

test this. The question becomes whether at intermediate Hubble types of Sa-Sbc, where

both bulge types are found, the color bimodality separates galaxies at some bulge-to-total

ratio, or, whether it separates galaxies of different bulgetype, irrespective of bulge-to-total

ratio.

6.2.1 The color – magnitude plane and Hubble types

We examine galaxies of Hubble types spanning S0-Sc in the global color (u−r) versus total

magnitude (Mr ) plane, and we mark them according to their bulge type. Fig. 6.2 shows the

location of galaxies with classical bulges (round symbols)and galaxies with pseudobulges

(triangles; identified by bulge morphology as discussed in Sect. 6.1.1) in our sample in the

u−r vs.Mr plane. Note that we plot the total galaxy color and total magnitude, not the bulge

color and magnitude. We merely label the galaxies by their bulge type.

As a reference sample, we also plot 542 galaxies selected from the intersection of

the SDSS-DR4 spectroscopic catalog and the RC3, having inclinationi � 35� , and that are

at a distancez � 0�02. These galaxies divide into Hubble types as follows: 50 E,112 S0,

48 Sa, 36 Sab, 67 Sb, 57 Sbc, 52 Sc, 40 Scd, 47 Sd, 17 Sm and 16 Irr.We use SDSS

redshifts for distances and SDSS “model” magnitudes for colors and total magnitudes for

these objects.

We note here that the magnitudes of the galaxies that we classify as having classical

bulges or pseudobulges are computed by our own ellipse fitting discussed in Sect. 6.1.2.

This may give different results compared to the SDSS model magnitudes which we use only

for the reference sample objects in the color–magnitude plane. However, for galaxies with
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low total Sérsic index (as the intermediate types mainly are) there is very little difference in

the type of magnitude (Graham & Driver, 2005). Also note thatwe do not correct the colors

and magnitudes for the effects of extinction by dust. This may cause some disk galaxies

to appear redder than their stellar populations are. We moderate this effect by restricting

ourselves to low-inclination galaxies. However, some diskgalaxies at the locus of the red

sequence may have been moved there by the effect of dust. For illustrative reasons, we also

plot the line dividing blue from red galaxies following Baldry et al. (2004).

Late types (Right panel in Fig. 6.2). As has been shown, late type galaxies (type

Sc and later) are almost entirely on the blue sequence (e.g. Strateva et al., 2001). Note the

caveat on dust extinction in disk galaxies discussed above;the reddest galaxies in this bin

are most likely affected by dust extinction. We emphasize that the panel with Sc-Irr galaxies

does not contain a single classical bulge. As the Hubble sequence progresses toward later

types, galaxies tend to have small bulges or no bulge at all. This is indicative of a less

violent past, as it is very likely that these galaxies have not experienced a merger event

that would have formed a (classical) bulge since the time of formation of their disks. The

fact that these galaxies seem to contain pseudobulges if they have a bulge at all, provides a

strong reinforcement of this statement.

Intermediate types(Middle panel in Fig. 6.2). The intermediate type Sa-Sbc galax-

ies give us a sample on which to test our hypothesis. Nearly all (87%) galaxies with pseu-

dobulges are bluer than the red–blue divide, while all the galaxies with classical bulges are

redder than the divide. To show that this is not simply the consequence of the pseudobulge

galaxies having lower bulge-to-total ratios than the classical bulge galaxies, recall first that

the number of pseudobulges in our sample is not a step function at some late Hubble type

(5 Sa, 2 Sab, 4 Sb, 6 Sbc) and that as noted above, at these intermediate types the Hubble

sequence is not a strong sequence of bulge-to-total ratios (see Simien & de Vaucouleurs,

1986 and the review by Roberts & Haynes, 1994).

In fact, in the range ofB� T values spanned by galaxies with pseudobulges we find
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Figure 6.3 The distribution of bulge-to-total ratios,B� T, of intermediate type (Sa-Sbc)
galaxies with pseudobulges (blue triangles) and classicalbulges (red filled circles) with
respect to their globalu−r color. The dashed line marksB� T = 0�45.
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plenty of classical bulge galaxies as well. This is illustrated in Fig. 6.3, where we plot

globalu−r againstB� T for 24 of our bulge galaxies. We calculateB� T for all 10 classical

bulge galaxies and all the 16 intermediate-type pseudobulge galaxies. Two of the latter

(NGC 1068 and NGC 5691) are not well-fit by a two-component model (Equation 6.2) and

hence we cannot obtain reliableB� T numbers for these and they are not included in the plot

(see also Table 1). Therefore the plot contains 14 pseudobulge galaxies.

In our sample, galaxies on the red sequence with classical bulges haveB� T ratios

as low as 10%. Galaxies with pseudobulges haveB� T ratios as high as 40%. The majority

of galaxies with classical bulges in our (small) sample haveB� T values in the same range

as the galaxies with pseudobulges. Even at the lowestB� T � 0�1 values in our intermediate

type Sa-Sbc galaxies, the assignment of a galaxy to the red sequence or the blue cloud is

predicted by its bulge type.

It is true that classical bulge galaxies extend to greaterB� T values than do pseu-

dobulge galaxies. This is easily understood given the different formation channels that are

thought to lead to classical bulges and to pseudobulges. Classical bulges are an extension of

elliptical galaxies (formed via mergers) that happen to have a disk around them. This sort

of evolution naturally extends all the way toB� T = 1 (i.e. a pure elliptical galaxy; see also

Kormendy & Bender, 1996). Pseudobulges form secularly by rearranging disk material.

Therefore it seems unlikely that a disk would be able to make apseudobulge equal in size

to itself (B� T � 0�5) through secular evolution.

Also note that in Fig. 6.2, there is no significant differencein the range of absolute

magnitudes spanned by the pseudobulge galaxies and that of the classical-bulge galaxies.

Pseudobulge galaxies are not systematically fainter inMr .

Concluding this discussion, we find that the red–blue bimodality cannot be a func-

tion of decreasing bulge prominence alone. Our results showthat it is a function of bulge

type. Pseudobulges are in blue galaxies and classical bulges are in red galaxies. Further-

more, galaxies with pseudobulges behave just like pure diskgalaxies if we compare their
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distribution in global color to the distribution of pure disk (late-type) galaxies in Fig. 6.2.

The type of bulge a galaxy has is a signpost for an evolutionary history of the total galaxy.

Early types (Left panel in Fig. 6.2). The early-type bin (E - S0) is almostentirely

populated by red sequence galaxies. There are three galaxies that we identify as harboring

pseudobulges in this panel. All three peudobulges are in S0 galaxies and these are on the

red sequence. This illustrates a caveat when dealing with pseudobulges. They do not have

to be young. A disk galaxy could have undergone secular evolution long ago and formed a

pseudobulge. This is well illustrated by the aforementioned correlation between disk color

and bulge color. As a side note, this implies that identifying pseudobulges using color

only is bound to misclassify some pseudobulges and underestimate their number. Also, S0

galaxies exist at a wide range of bulge-to-total ratios, a point noticed by van den Bergh

(1976). The processes that are thought to make S0 galaxies (e.g. gas stripping by ram

pressure, harassment; Moore et al., 1996) operate independently of the processes that make

bulges. It is reasonable to believe that the evolution whichmakes a galaxy an S0 happens

independently of the secular evolution that makes a pseudobulge (see the discussion in

Kormendy & Kennicutt, 2004). Therefore the position of S0 galaxies in color–magnitude

space may be due to separate phenomenona, rather than posinga counter example to our

hypothesis.

6.2.2 Global galaxy structure

Blanton et al. (2003) show that the relation of structure to galaxy color is markedly different

for red and blue galaxies. This can be illustrated by plotting the Sérsic index and a charac-

teristic surface brightness against color. In Fig. 6.4, we illustrate the dependence of galaxy

structure on bulge type. We mark the dividing line of red and blue galaxies with a horizontal

line atu − g = 2�2 (Strateva et al., 2001). Open symbols represent S0 galaxies, which likely

arise due to distinct phenomena not related to bulge formation as discussed above, and

thus do not follow the normal behavior for pseudobulge galaxies. In general, blue galaxies
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Figure 6.4 Dependence of global structure on bulge type. Theleft panel shows the Sérsic
index from a fit of a single Sérsic law (Eq. 6.1) to the surface brightness profile of the
whole galaxy, plotted against global color. The right panelshows the corresponding central
surface brightness versus color. Blue triangles representpseudobulges, red circles represent
classical bulges; S0 galaxies are plotted as open symbols. In both panels the horizontal line
denotesu!r = 2�2. The vertical line in the left panel denotes�

0 = 16, and the horizontal line
in the right panel denotesn = 2�5.

308



are more diffuse and have lower Sérsic index than galaxies with classical bulges. In both

structural parameters there is a sharp transition from galaxies with pseudobulges to galaxies

with classical bulges. Again, as in Fig. 6.2, we plot total color and Sérsic parameters from

a global single-component fit. We mark galaxies by the type oftheir bulge.

The surface brightness at zero radius is recovered from the single component Sérsic

fits (Eq. 6.1). Note that we report the fit value, which should be taken as a characteristic

value of the galaxy as a whole. It is also worth noting that central surface brightness is

more sensitive to the dichotomy in bulge types than surface brightness at the effective ra-

dius. Galaxies with classical bulges form a tight sequence in color that begins at� 0� r � 16

(vertical line in the left panel) and extends to higher central surface densities, well popu-

lated by giant elliptical galaxies. There is a sharp transition at � 0� r � 16. Below this surface

density, the diagram becomes completely populated by galaxies with pseudobulges.

The Sérsic index is normally interpreted as a parametrization of the shape of a sur-

face brightness profile of a galaxy. A typical disk galaxy hasn = 1 and an intermediately

sized elliptical galaxy hasn � 4. In the right panel of Fig. 6.4, galaxies with pseudobulges

have lower global Sérsic index than galaxies with classicalbulges. And galaxies with clas-

sical bulges do not have global Sérsic index smaller thann � 2�5 (vertical line in the right

panel).

Galaxies with pseudobulges populate a broader range of color, yet the majority

of pseudobulge galaxies are restricted to a more narrow range in central surface brightness

than classical bulges. The smaller variation in�
0 and exponential surface brightness profiles

are well known properties of disk galaxies (Freeman, 1970).We restate that our galaxies

with pseudobulges and galaxies with classical bulges both populate the intermediate Hubble

types Sa-Sbc. Thus, at the same Hubble type, galaxies with pseudobulges are more like pure

disk galaxies than galaxies with classical bulges.

What is compelling is not only that global Sérsic index and central surface density

are lower. In fact, the distribution of central surface brightness alone is not dichotomous. It
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is the combination of these quantities that reveals the structural dichotomies. The distribu-

tion in both the color – Sérsic and the color –�
0 plane is completely different for galaxies

with pseudobulges and classical bulges. Further, the transition in this behavior is coincident

with the transition from red galaxies to blue.
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Table 6.1. Sample Properties

Identifier Type Inclin. m− M
RC3 degrees mag

NGC 2639 Sa 44 33.24
NGC 2775 Sab 40 30.95
NGC 2880(d) S0 68 31.83
NGC 2962(d) S0 67 32.12
NGC 3031 Sab 59 27.63
NGC 3898 Sab 57 31.49
NGC 4379 S0 43 31.59
NGC 4698 Sab 51 31.59
NGC 4772 Sa 64 30.64
NGC 5448 Sa 64 32.34
NGC 1068 Sb 21 30.46
NGC 1084 Sc 46 30.56
NGC 2681 S0 0 30.2
NGC 2782 Sa 49 32.7
NGC 2859 S0 33 31.78
NGC 2950 S0 62 31.49
NGC 2976 Sc 61 27.63
NGC 3259 Sbc 61 31.97
NGC 3338 Sc 54 32.06
NGC 3351 Sb 42 29.24
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Table 6.1 (cont’d)

Identifier Type Inclin. m− M
RC3 degrees mag

NGC 3359 Sc 53 30.98
NGC 3368 Sab 55 29.24
NGC 3627 Sb 57 29.17
NGC 3642 Sbc 32 32.09
NGC 3810 Sc 48 29.8
NGC 4030 Sbc 40 31.7
NGC 4051 Sbc 36 30.74
NGC 4123 Sc 48 30.91
NGC 4152 Sc 40 32.31
NGC 4254 Sc 32 31.59
NGC 4380 Sb 59 31.59
NGC 4384 Sa 42 32.6
NGC 4500 Sa 50 33.18
NGC 4536 Sbc 59 32.02
NGC 4647 Sc 38 31.59
NGC 4900 Sc 19 30.41
NGC 5055 Sbc 56 29.21
NGC 5691 Sa 42 31.97
NGC 5806 Sb 60 32.05
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Table 6.2. Global colors and structural data for the bulge sample

Identifier Bulge(a) u−r Mr
�

0
(b) n(b) B� T(c)

mag mag mag/arcsec2 global Sérsic

NGC 2639 c 2.47 -21.96 12.97 3.56 0.72
NGC 2775 c 2.41 -21.29 15.57 2.72 0.52
NGC 2880(d) c 2.52 -20.53 13.59 3.42 0.65
NGC 2962(d) c 2.63 -20.53 11.57 5.13 0.44
NGC 3031 c 2.49 -20.86 10.41 5.7 0.4
NGC 3898 c 2.53 -21.13 13.94 3.51 0.38
NGC 4379 c 2.46 -20.18 15.3 2.38 0.49
NGC 4698 c 2.37 -21.13 11.84 5.15 0.18
NGC 4772 c 2.37 -19.87 14.84 3.33 0.25
NGC 5448 c 2.57 -20.68 15.89 2.62 0.1
NGC 1068 p 1.74 -20.77 14.38 1.69 —(e)

NGC 1084 p 1.55 -20.1 18.34 0.91 . . .
NGC 2681 p 2.32 -19.84 11.51 4.09 . . .
NGC 2782 p 1.56 -21.25 18.77 1.23 0.14
NGC 2859 p 2.51 -20.83 10.34 4.93 . . .
NGC 2950 p 2.56 -20.82 9.79 4.67 . . .
NGC 2976 p 1.66 -17.88 19.59 0.85 . . .
NGC 3259 p 1.47 -19.37 18.18 1.5 0.11
NGC 3338 p 1.78 -21.36 18.83 1.66 . . .
NGC 3351 p 2.38 -19.94 17.97 1.81 0.09
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Table 6.2 (cont’d)

Identifier Bulge(a) u−r Mr
�

0
(b) n(b) B� T(c)

mag mag mag/arcsec2 global Sérsic

NGC 3359 p 1.21 -20.13 18.19 2.23 . . .
NGC 3368 p 2.27 -20.12 13.78 3.42 0.21
NGC 3627 p 1.94 -20.52 14.66 3.2 0.24
NGC 3642 p 1.92 -20.64 16.82 2.34 0.13
NGC 3810 p 1.52 -19.45 18.65 1.09 . . .
NGC 4030 p 1.85 -21.63 17.14 1.58 0.4
NGC 4051 p 1.69 -20.42 18.53 1.99 0.07
NGC 4123 p 2 -19.5 20.39 0.85 . . .
NGC 4152 p 1.49 -20.25 18.79 0.97 . . .
NGC 4254 p 1.51 -22.03 18.47 0.98 . . .
NGC 4380 p 2.15 -20.42 19.73 1.06 0.06
NGC 4384 p 1.13 -19.73 19.63 0.77 0.07
NGC 4500 p 1.54 -20.76 16.88 1.74 0.29
NGC 4536 p 2.15 -21.9 19.85 0.97 0.06
NGC 4647 p 1.7 -20.83 17.12 3.15 . . .
NGC 4900 p 1.3 -19.08 19.18 0.81 . . .
NGC 5055 p 1.9 -20.8 16.71 2.28 0.26
NGC 5691 p 1.45 -19.91 17.38 2 —(e)

NGC 5806 p 2.14 -21.04 17.62 1.99 0.17

(a)p – pseudobulge; c – classical bulge.

(b)global Sérsic index and central surface brightness determined by a fit of
Eq. 1 to the profiles of all classical bulge galaxies and the intermediate-type
pseudobulge galaxies.

(c)B� T determined by a fit of Eq. 2 to the profile.

(d)Erwin (2004) finds nuclear bar or inner disk, we do not.

(e)These galaxies are not well-fit by a two-component model.
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The behavior of color and structure is definitely more regular among classical bulges.

This makes sense in context of the formation picture of thesetwo types of bulges. Pseu-

dobulges are structures that are continuously evolving. Therefore when we look at a sample

of pseudobulge galaxies we are seeing them in many differentstages of evolution. As the

pseudobulge grows galaxy properties such as color,�
0 andn will certainly change. How-

ever, classical bulges are thought to form in one or multiplediscrete and short-lived events

separated by periods of passive evolution. If the young stellar populations made in these

events age into old, red populations on a timescale that is shorter than the time between

star formation events, then classical bulges will spend most of their time looking homo-

geneously red. We find that the galaxies harboring these classical bulges are globally red.

This implies that since the formation of the classical bulge, there has been relatively little

evolution in the galaxy that contains it as a whole. Thus, properties of galaxies with classi-

cal bulges show little scatter compared to pseudobulge galaxies. Studies considering bulges

as a heterogeneous class will likely shed light on such differences.

6.3 Summary and Discussion

We examine galaxies of Hubble types spanning S0-Sc in the global color versus magnitude

plane, marking them according to their bulge type. We classify them as having pseudob-

ulges or classical bulges by analyzing the morphology of thebulge using HST imaging.

We show that the type of bulge a galaxy has is a good predictor of where that galaxy

will fall in the red-blue and structural galaxy dichotomies. Galaxies with pseudobulges lie

in the blue cloud. They have the same global color as galaxieswith no bulge at all (pure

disk galaxies). On the other hand, galaxies having a classical bulge (and elliptical galaxies)

lie on the red sequence. We have further shown that this is notan effect of lower bulge-to-

total ratios in pseudobulge galaxies. Additionally, we show that galaxies with pseudobulges

have lower global Sérsic index and lower central surface density than galaxies with classical

bulges.
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Our results imply that the processes involved in the formation of galactic bulges

are coupled to the processes that form the entire galaxy. Galactic disks and classical bulges

remain the two fundamental structural components of galaxies, yet their relative prominence

is not what determines the location of an (intermediate-type) galaxy with respect to the color

and structural bimodalities. It is the presence of a classical bulge and the influence this

bulge has and its formation had on the galaxy that places the galaxy on the red sequence

today. Another way of putting this is to say that increasing the bulge-to-total ratio of an

intermediate-type galaxy with a pseudobulge will not automatically move the galaxy to the

red sequence, and likewise, a galaxy with a classical bulge is on the red sequence no matter

how small that bulge is.

Thus, the location of a galaxy with respect to the bimodalitydoes – at least in part –

reflect differing evolutionary paths of the whole galactic system. It is not merely a reflection

of different emphasis of the disk and bulge subcomponents.

We wish to reiterate that interpreting the red-blue bimodality as due to the funda-

mental distinction between disks and classical bulges is not necessarily incorrect. However

what is incorrect is to say that the bimodality is merely the linear combination of these two

components that determines the location of a galaxy with respect to the bimodality. Also,

if one defines the components by photometric decomposition only as has been common

practice in the literature, then one is likely to obtain ambiguous results.

As reviewed in Kormendy & Kennicutt (2004) and outlined in Sect. 6, a pseudob-

ulge forms through dynamical processes inside the disk. We also know that the existence

of a thin disk signals that the galaxy has not undergone a major merger since the formation

of the disk (Toth & Ostriker, 1992). The exact mass ratio in a merger event that is needed

to destroy a disk is still under debate (Velazquez & White, 1999; Hayashi & Chiba, 2006),

however, it is believed to be of the order of 0.2. All merger events above this mass ratio are

believed to result in dynamically hot stellar systems. Thisleads to the well-known problem

of forming late-type disks in cosmological simulations; the disks in these simulations suffer
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too many mergers and thicken or are destroyed (Steinmetz & Navarro, 2002). The problem

of forming these galaxies in cosmological simulations getsmuch worse when we realize

that galaxies with pseudobulges should be included with pure disk galaxies in this sense:

they have not suffered a major merger event since the formation of the disk.

The processes that are believed to make pseudobulges require not only a disk to

be present, but that disk must be dynamically very cold in order to be unstable to non-

axisymmetric instabilities such as bars that are needed to rearrange gas and stars to form a

pseudobulge (see Kormendy & Kennicutt, 2004 for a detailed review). Thus, pseudobulges,

like thin disks, are signatures of a quiet merger history. Pseudobulge formation timescales

have been estimated as� 1 Gyr (Kormendy & Kennicutt, 2004; Fisher, 2006b) based on

current star formation rates. Now consider the time necessary to form a bar and build up a

sufficiently high nuclear gas density to form stars. It is quite plausible that these galaxies

have remained cold (and thus free of significant mergers) since the formation of their disks.

How can we explain our result that classical-bulge galaxieslie exclusively on the red

sequence? Classical bulge galaxies are thought to have undergone violent relaxation, most

likely during a major merger in their past, presumably one involving lower-mass galaxies

to form a typical bulge of today’s intermediate type Sa-Sbc galaxies. Intermediate mass

mergers happen predominantly in the earlier universe, whenthe halos harboring these ob-

jects assemble. Today, the surviving halos of this mass scale are incorporated into bigger

structures. For example, the large and small Magellanic Clouds are sub-halos of the Milky

Way system. At early times, intermediate-mass mergers frequently occur, and there is still

enough gas left to be accreted, so that a disk forms around thenewly formed bulge. The

result is a disk galaxy that contains a classical bulge.

As the merger rate was much higher at early times in the universe, it is less likely

that a pure disk galaxy would have survived this epoch (Steinmetz & Navarro, 2002). There-

fore old, red galaxies of Hubble type Sc and later do not commonly exist today. Also, the

only way to grow a pseudobulge is to have a relatively long period of disk evolution (of the
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order of a few Gyr) undisturbed by mergers. This is much more likely to happen in low-

density environments at later epochs, possiblyz � 1. Therefore, it is natural that pseudob-

ulges live in blue, relatively younger galactic systems that are more typical of low-density

environments today.

Parenthetically, in high-density environments a few objects may evolve toward the

red sequence within� 1 Gyr (Blanton, 2006) by gas stripping and quenching of theirstar

formation irrespective of their merger history and resulting bulge type, most likely to be-

come S0s.

The environmental dependence of galaxy colors is well established by studies that

link galaxy properties to the environment in which they are found. We first recall the

morphology-density relation (Dressler, 1980), namely that early-type (and thus red) galax-

ies are more clustered than late-type (and thus blue) galaxies. Li et al. (2006) restate this

in the modern context, showing that not only color, but also surface density, concentration,

and 4000Å break strength all correlate with environmental density in the same way (see also

Blanton et al., 2005). Since we find all our (non-S0) pseudobulges in blue-cloud galaxies

which are preferentially found in low-density environment, we take this as a reinforcement

of the conclusion that pseudobulges indicate galaxies withquiescent merger histories.

Evidence for a quiet merger history of blue galaxies is also given by Blanton (2006).

He finds that the number density of blue-sequence galaxies does not change significantly

from z � 1 toz � 0�1. It seems likely that blue sequence is experiencing a quiescent form of

evolution over the recent epochs (z � 1), and therefore the blue (disk) galaxies have had time

to form pseudobulges. We are compelled to point out an important caveat for interpreting

any high redshift results on galaxy evolution. Blue galaxies at high redshifts are not likely

to be replicas of today’s blue sequence galaxies. It is unfortunate that pseudobulge detection

requires such high resolution techniques, otherwise we could test our hypothesis at higher

redshifts. The evolution in blue galaxies beyondz � 1 (Gerke et al., 2007) is possibly due to

separate phenomenon from what shapes todays blue galaxies (e.g. the movement of galaxies
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from the blue sequence to the red). However, the result that the blue sequence appears to be

less violent over the past few billion years appears established.

This leads to a picture where a classical bulge is indicativeof a halo formation and

assembly history of the galaxy that occurred earlier, leading to older stars in the bulge and

in the disk, was more violent, and ultimately the system is red today. On the contrary, a

pseudobulge, even at the same Hubble type, is indicative of aquiet assembly history that is

much more likely at later times and therefore also leads to bluer and younger systems (See

Gottlöber et al., 2001 for the dependence of halo merger histories on environment). Thus,

the presence of a classical bulge or the presence of a pseudobulge (or no bulge at all) are

indicators of different evolutionary histories of the whole galaxy.

Along another line of thought it has suggested that feedbackfrom accreting black

holes might be responsible for quenching the star formationhistory of elliptical galaxies and

classical bulges and thereby contribute to the formation ofthe red sequence (e.g. Springel

et al., 2005; Scannapieco et al., 2005; De Lucia et al., 2006;Bower et al., 2006). We

know that some pseudobulges contain supermassive black holes since they contain AGN

(for example NGC 1068, NGC 3368, and NGC 4051). Furthermore,there is compelling

evidence that these lie on theMBH–� relation (Kormendy & Gebhardt, 2001). If this turned

out to be true, we need to explain why pseudobulges and their supermassive black holes

obey the sameMBH–� relation as classical bulges and ellipticals do despite their disk-like

properties, and at the same time why feedback was not able to quench their star formation

in spite of doing just the same in classical bulges of the samesize. We do not know of

convincing answers to these two questions. The latter mightimply that AGN feedback

is not important in shaping the star formation history of low-mass systems, or, it might

be related to different formation timescales of the mergersthat form classical bulges and

the secular evolution processes that are thought to lead to pseudobulge formation. In fact,

Filippenko & Ho (2003) find an AGN that obeys the inMBH–� relation in NGC 4395, a

low-mass galaxy that does not contain any bulge, classical or pseudo see also Greene & Ho,
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2006.

We take our result as clear observational evidence that initial environmental condi-

tions are responsible for many global properties of a galaxy. The merging history of a galaxy

is ultimately the driver behind the observed bimodality in the structural, stellar population,

and kinematic properties of a galaxy. Bulge types are a signpost of merger history and be-

cause of this they predict the position of the whole galaxy with respect to the bimodality in

color and structural properties.
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Chapter 7

The Abundance of Disk Dominated

Galaxies in the Local 11 Mpc: A

Problem for Models Galaxy

Evolution

7.1 Introduction

Theories of galaxy evolution, such as White & Rees (1978) commonly rely on the assump-

tion that mass of bulges increases only through conventional processes associtated with

major-mergers. This assumption was motivated by the ability for simulations of mergers to

reproduce the properties of elliptical galaxies (e.g. Cox et al., 2008). Bulges in disk galaxies

have long been assumed to be physically similar to elliptical galaxies (e.g. Whitford, 1978),

and thus similarly formed through conventional major mergers. However the properties

of many bulges call this assumption into question (for reviews see Kormendy & Kennicutt,

2004; Kormendy & Fisher, 2008; Combes, 2009), and suggests that bulges are dichotomous
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in nature. The bulge dichotomy in simplest terms is such thatsome bulges are very similar

to elliptical galaxies, However many are similar in dynamics, interstellar medium, struc-

ture, and stellar populations to disk galaxies (respectively Kormendy, 1993; Helfer et al.,

2003; Andredakis et al., 1995; Peletier & Balcells, 1996). Many argue (e.g. Kormendy &

Kennicutt, 2004; Athanassoula, 2005) that bulges with disk-like properties are physically

distinct systems from elliptical galaxies, and do not require external mechanisms to form

them. If mass of bulges with disk-like properties is not formed through major mergers then

� CDM simulations are over-producing the amount of mass in theUniverse formed through

merging that occurs after the formation of disks. In this letter we quantify the frequency of

bulges of both types.

We call those bulges that are similar to E-type galaxies “classical bulges”, and those

that are more like disk-galaxies are referred to as “pseudobulges.” Note that in this paper,

the term “pseudobulge” is observational as described above. Recent work shows that the

properties correlate well with each other, and thus strengthens the case that the bulge di-

chotomy isolates distinct sets of bulges. Fisher & Drory (2008) show bulges with disk-like

nuclear morphology have nearly exponential surface brightness profiles (Sérsic index, n<2)

and bulges with E-like nuclear morphology have cuspier surface brightness profiles (n>2).

Also, those bulges that are forming stars (in absence of merging galaxy) have disk-like nu-

clear morphology (Fisher, 2006b). Furthermore, Fisher & Drory (2010) shows with near-IR

bulge-disk decompositions that bulges selected to have nearly exponential surface bright-

ness profiles, active star-formation and/or disk-like nuclear morphology do not participate

in photometric projections of fundamental plane scaling relations. Indeed, Fisher & Drory

(2010) show that pseudobulges are not likely virialized stellar systems. Pseudobulges are

gas-rich, rotating, diffuse systems that do not appear to bevirialized. It does not seem

plausible that they are simply form through the same sort of merging as elliptical galaxies.

Therefore, either mergers that form disk galaxies with pseudobulges are different than those

that form galaxies with classical bulges or pseudobulges form through mechanisms other
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than merging.

Springel & Hernquist (2005) show that simulations of mergers with very high gas

fractions can suppress the formation large bulges. Also, Cox et al. (2008) find that the mass-

ratio of progenitor galaxies has a strong impact on the star formation during the merger.

Therefore, it may be that galaxies with pseudobulges are theproducts of gas rich merg-

ers, in which the ratio of masses of merging galaxies is� 1� 10. Indeed, modern� CDM

simulations find that most disk galaxies acquire stellar mass through minor mergers (e.g.

Parry et al., 2009). Hopkins et al. (2009c) finds that models of galaxy evolution in which

the bulge-to-total stellar mass ratio of a galaxy is a function of both mass-ratio and gas-

fraction in the merger are well matched to observations. However, it remains to be shown

that low mass ratio, gas-rich mergers produce bulges with the properties of pseudobulges.

Also pseudobulges can be 1/3 of the galaxy mass (Fisher & Drory, 2008), and successive

accretion heats and eventually destroys a galactic disk (Kazantzidis et al., 2009).

It is possible to form bulges with out mergers. Non-axisymmetries in galactic

disks (e.g. bars and spiral structure) facilitates angularmomentum loss, and gaseous in-

flow (Athanassoula, 1992). Indeed, barred galaxies have high CO densities in their centers

(Sakamoto et al., 1999; Sheth et al., 2005; Jogee et al., 2005). As this gas condenses into

new stars the bulge-to-total luminosity ratio (B� T) increases. This scenario -secular evo-

lution - creates star forming bulges with dynamics similar to that of disk galaxies. Fisher

et al. (2009) show that pseudobulges have high enough star formation rates to have built

their stellar mass within the typical lifetime of disks, andthuspseudobulges do not require

external sources to have formed their stellar mass.Also, Fisher et al. (2009) find a positive

correlation between bulge mass and star formation rate density as expected if long term-

disk driven growth forms pseudobulges. Furthermore, connections between bulge and disk

properties such as bulge and disk age (Peletier & Balcells, 1996), radial size of bulges and

disks (Courteau et al., 1996b; Fisher & Drory, 2008), imply aformative link between pseu-

dobulges and their outer disk. Results from Fisher & Drory (2010) indicate that the only

323



Figure 7.1 The distribution of star formation rate density in the central 1 kpc (
�

SF(r �
1 kpc)) of all bulge-disk galaxies is shown above. The distribution of

�
SF(r � 1 kpc) for

pseudobulges is represented by a blue line and for classicalbulges is represented by the
black dashed region. For comparison we also show the SFR density of entire galaxies
(

�
SF(total)) for the entire sample; represented by the grey shaded region.
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property of bulge-disk decompositions that correlates with the half-light radius of pseudob-

ulges is the outer-disk scale-length. Also, Fisher et al. (2009) find that high star formation

rate densities of pseudobulges are exclusively found in more massive outer disks.

We must caution that secular evolution and the accretion of mass from external

sources are not necessarily mutually exclusive (Bournaud &Combes, 2002). Indeed, Fisher

& Drory (2010) find that some pseudobulges (� 13% of their sample) could house a very

small classical bulges, and still have a low Sérsic index. However, composite pseudo-

classical bulges would only be likely in galaxies with more massive bulges,B� T
�

0�2.

Weinzirl et al. (2009) shows that semi-analytic models thatdrive bulge formation

via major mergers at relatively low redshifts of galaxy formation cannot account for the

number of small bulges in the Universe. If pseudobulges formpurely secularly then then

a large number of pseudobulges may be a serious problem for� CDM galaxy evolution

theories. Kormendy & Fisher (2008) find that in the local 8 Mpc, 11 of 19 galaxies with

Vc � 150 km s−1 show no evidence for classical bulges. In this study we expand this sample

to include all galaxies withMB � −17 within 11 Mpc.

7.2 Methods

Our goal was to describe the distribution of mass and star formation in nearby elliptical and

spiral galaxies that do not appear to be merging. Our sample is primarily taken from the

Kennicutt et al. (2008) survey which is complete for spiralsto B=15 mags. This is good

enough for our study of spiral and elliptical galaxies. Kennicutt et al. (2008) providesLH �

for all galaxies in the survey, and thus is very useful for calculating the star formation rate.

We search both the Tonry et al. (2001) and Tully & Fisher (1988a) for galaxies that are

brighter thanMB = −18 B magand include those galaxies. We also include all non-spiral

(dwarfs and irregular) galaxies in Kennicutt et al. (2008).Finally we also use HyperLeda

to test for completeness, however for all HyperLeda galaxies we search for distances from

other sources. For most galaxies the distances are adopted from Kennicutt et al. (2008),
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otherwise it is noted in Table 1. In assigning distances we give preference to distances from

Tonry et al. (2001), Tully et al. (2009) and Tully & Fisher (1988a). Because the available

methods of bulge diagnosis cannot be applied to edge-on galaxies, we exclude disks with

inclination greater than 80� . The total sample is 364 galaxies. Of those galaxies 71 are

classified as either elliptical or are bulge-disk galaxies (B� T � 0�01).

For each galaxy our analysis includes the following three procedures: (1) morpho-

logical diagnosis of the bulge using optical HST images; (2)decomposition of the 3.6� m

profile; and (3) measurement of the bulge and disk star formation rate from 24� m image

and H� data. Most of our decompositions are taken from Fisher & Drory (2010). However,

in order to include more galaxies the inclination restriction in this work is less severe than

that of Fisher & Drory (2010). The galaxies using new decompositions are noted in Table 1.

We decompose the major axis-surface brightness profile of all bulge-disk galaxies into an

Sérsic function bulge and exponential outer disks. Non-exponential disk components (e.g.

bars and rings) are masked. This same analysis has been used in many publication in-

cluding Fisher & Drory (2008); Kormendy et al. (2009); Fisher & Drory (2010); we refer

interested readers to these publications for detailed descriptions of this process. We use the

Sérsic index from the decompositions to diagnose bulges into pseudo- and classical bulges.

Elliptical galaxies are not decomposed, and are assigned the bulge-to-total (B/T) value of

B� T = 1. Galaxies in which the decomposition yieldsB� T � 0�01 are called “bulgeless”

galaxies and are assigned the valueB� T = 0. To help in bulge classification we also use

nuclear morphology. The process of identifying pseudobulges using nuclear morphology is

outlined in Kormendy & Kennicutt (2004) and Fisher & Drory (2008). For each galaxy we

also integrate all 3.6� m surface brightness profile. This is converted to stellar mass using

theB−V color as described in Fisher et al. (2009). Finally to measure the star formation

rate we calculate the 2-D surface brightness profile at 24� m of each galaxy. We then in-

tegrate the profile out to the noise limit of each image. This is then combined with the H�

luminosity from Kennicutt et al. (2008) to get the galaxy star formation rate according to
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formula from Kennicutt et al. (2009). For each galaxy we alsomeasure the stellar mass and

star formation rate within a radius of 1 kpc from the center ofthe galaxy. This is calculated

using the 24� m surface brightness profile only as done in Fisher et al. (2009) which uses a

formula adapted from Calzetti et al. (2007). For all dwarfs and irregular galaxies we simply

use the H� luminosity to estimate the star formation rate, and the stellar mass is determined

by combining theB-band luminosity with theB−V for the particular galaxy according to

Bell & de Jong (2001). If no measurement ofB− V exists we use the mean value of for

the galaxy Hubble type. All magnitudes and colors are corrected for Galactic extinction

(Schlegel et al., 1998) as well as the galaxy inclination in the usual manner.

7.3 Results

High star formation rate densities (
�

SF) in the central kiloparsec of bulge-disk galaxies

are extremely common. In our sample we find that of those galaxies with bulge-to-total

stellar mass rations (B� T) in the rangeB� T � 0 �01 andB� T � 1 69% of those galaxies

with data capable of estimating star formation rates have
�

SF � 10−2M� yr−1kpc−2. In the

bulge sample 11 bulges do not have data capable of estimatingthe star formation rates. If

all of these have low star formation then the fraction of bulges with high
�

SF decreases to

57%. The majority of present day star formation in the local Universe occurs on galaxies

with pseudobulges. Of those galaxies with measurable star formation rates 62% of the star

formation in the local 11 Mpc is in galaxies with pseudobulges. Also a significant fraction

of the star formation (23%) occurs in the central kiloparsecof bulge-disk galaxies.

We also find that pseudobulges are not a phenomenon that is restricted to late-type

galaxies. In Fig. 7.2 we show the distribution of galaxy types with respect to morphology.

The top panel shows the bulge-to-total ratio. As before the blue line represents the distri-

bution of Hubble types for pseudobulges, the slanted lines represents the distribution for

classical bulges and the total sample is represented by the grey filled region. Note we do

not show the full number of late-type galaxies. We remind thereader that by definition bul-
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Figure 7.2 Top: The bulge-to-total distribution of stellarmass for all galaxies in our sample.
Bottom: The Hubble type distribution for all galaxies in oursample. Symbols are same as
in 7.3.

geless galaxies are set toB� T = 0 and elliptical galaxies haveB� T = 1. Therefore the only

question remaining is what range of Hubble types are pseudobulges and classical bulges

found, respectively, in the local Universe. Pseudobulges are commonly found in Hubble

types from S0/a to Sd. Pseudobulges rise steadily in number across the intermediate Hub-

ble types (S0/a to Sbc). Furthermore, they are the most common type of galaxy from Sa to

Sc. At Sd there is a sharp break, and bulgeless galaxies become far more common. Clas-

sical bulges in the local 11 Mpc are found from S0 to Sbc. No galaxy with an observable

classical bulge is found in the local 11 Mpc with Hubble type later than

If a galaxy changesB� T by 1% per gigayear within it will be a different Hubble

type within 5 Gyr, half the typical disk life-time. In the local volume 28% of disk galaxies

are growing stellar mass such that they will increase their bulge-to-disk ratio by greater than

1% per gigayear. Contrarily 19% of disk are decreasing theirbulge-to-disk ratio by more
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Figure 7.3 The distribution of galaxy stellar mass in galaxies with pseudobulges (blue line)
elliptical galaxies and galaxies with classical bulges (dashed line) and the full sample (grey
shaded region). Note the full range of stellar masses in our sample is not shown.

than 1% per gigayear. Therefore the majority of disk galaxies (53%) are in presently in

morphological stasis.

If we include the full range of masses it is well known that dwarfs and Irregular

galaxies overwhelmingly dominate the number of galaxies inthe Universe. In our sample

roughly 70% of all galaxies have stellar mass lower than 109 M� . However, low mass

galaxies only account for� 2% of the stellar mass of the local 11 Mpc. Among bright

galaxies, those galaxies with either a pseudobulge orB� T � 0 �01 are the dominant galaxy

type. We find that in the local Universe only 17% of galaxies more massive than 109 M� are

galaxies with an observed classical bulges (including elliptical galaxies), 43% are galaxies

with pseudobulges, 37% are are disk galaxies withB� T � 0�01 and under 3% are galaxies

currently undergoing major merging (as estimated by visualclassification). This result is

in stark contrast with the typical output from� CDM merger simulations (e.g. Croft et al.,
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2009).

The environmental bias in studying the distribution of galaxies in the local 11 Mpc

cannot be understated. This volume is a relatively low density region of the Universe (for

recent review see Peebles & Nusser, 2010). For comparison, Kormendy et al. (2009) finds

that 2/3 of all mass in the Virgo cluster is in elliptical galaxies alone. Additionally, the

Virgo cluster contains a significant number of S0 that likelycontain classical bulges. If they

were included the fraction of mass in galaxies with detectable classical components would

increase significantly.

In Fig 7.3 we show the distributionof stellar mass of each type galaxy in our sample.

As before the distributionof pseudobulges is shown as a blueline, and the distributionof the

whole sample is represented by the grey shaded region. The set of galaxies with classical

bulges and elliptical galaxies is represented by the regionfilled with slanted lines. (Note

that unlike before elliptical galaxies and classical bulges are grouped together in Fig. 7.3.)

Galaxies withB� T � 0 �01 are very rare at low masses in our sample. Only 4 galaxies are

found to contain a bulge that have stellar massM� � 109M� .

We find galaxies with either a pseudobulge or no bulge combineto account for 54%

of the stellar mass of galaxies in the local 11 Mpc. Bulgelessgalaxies tend to be lower in

mass, and dominate distribution of stellar mass in the localUniverse up toM� � 109�5 M � .

Pseudobulges dominate intermediate mass range from,M�

� � 109�5 to 1010�5 M � . Classical

bulges and elliptical galaxies tend to be in more massive galaxies, yet, there is only a small

range in masses in the local Universe in which galaxies containing either a classical bulge

or E-type galaxy are the dominate galaxy type. The distribution of mass in galaxy types is

thus very different than that found in the Virgo cluster.

7.4 Discussion

In this letter we have shown that galaxies with pseudobulgesare the most common type of

bright galaxy in the local Universe. We find that galaxies containing pseudobulges galaxies
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Figure 7.4 Above we estimate the total stellar mass dependance of the relative amount of
disks to that of classical bulges and elliptical galaxies. The top panel shows the relative
number of galaxies with classical bulges (including elliptical galaxies) with stellar mass
equal to or greater than the mass at each point. The bottom panel shows the mean bulge-to-
total ratio as a function of stellar mass of the galaxy. Note in both panels we estimate upper
and lower bounds for the mass in classical bulges and elliptical galaxies.
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with no bulge at all combine to account for roughly half of themass in stars in the local

11 Mpc.

In Fig. 7.1 we show that in roughly 2/3 of bulge-disk galaxiesthe central kiloparsec

has high star formation rate surface densities (
�

SF(r � 1 kpc) � 10−2M� yr−1 kpc−2). If a

merger drives enhanced star formation rates for 1 Gyr, and iffewer than 10% of giant galax-

ies experience merging each gigayear (e.g. Jogee et al., 2009), then episodic star formation

could at most account for enhanced star formation in the centers of 30% of galaxies. This

is far less than is observed in our galaxy sample, and thus thestar formation in the centers

of bulges is not likely episodic. The gas-rich, dynamicallycold nature of pseudobulges

and the extreme dissimilarity between the scaling relations of pseudobulges and elliptical

galaxies all suggests that they may not have formed through late stage merging (for review

Kormendy & Kennicutt, 2004). Especially not mergers that donot involve high gas frac-

tions (Springel & Hernquist, 2005; Robertson et al., 2006; Cox et al., 2008). Furthermore,

connections between the bulge and disk properties that exist for pseudobulges only (Fisher,

2006b; Fisher & Drory, 2008; Fisher et al., 2009) suggest that pseudobulges formation may

indeed be the result of internal disk processes.

In Fig. 7.4 we estimate the relative frequency of classical bulges (including elliptical

galaxies), and also show the mean classical bulge-to-totalratio (assuming the ’bulge’ mass

only includes mass in elliptical galaxies and classical bulges) in the local 11 Mpc. In both

panels we estimate upper and lower bounds. The lower bound onclassical bulge mass is de-

termined simply by including only those galaxies that presently meet the criteria to be called

a classical bulge (nb � 2 and E-type morphology at radii less than 500 pc). In the upper

bound we include all those bulges that satisfy the criteria to be called classical bulges, ellip-

tical galaxies, all galaxies presently in strong intreactions (including NGC 4490, NGC 1487,

NGC 2537 & NGC 5194A & B), as well we make a rough estimate of thepossible number

of galaxies in which both pseudobulges and classical bulgesexist. For the merging galax-

ies we make the assumption that the resulting galaxy will be an elliptical galaxy and thus

332



B� T = 1 (this is keeping in the spirit of estimating anupper boundon bulge mass). Fisher

& Drory (2010) find that models of bulges in which the total bulge light is composed of

a high and low Sérsic index component are not inconsistent with decompositions of real

galaxies. However, they find that if composite bulges exist,they would likely be in brighter

pseudobulges that also have lower than average specific starformation rates. Consistent

with these results we select all pseudobulges with stellar massMpseudo� 109 M� and spe-

cific star formation rate less than 0.03 Gyr−1 as candidate composite bulges. Not enough

is known about composite pseudo-classical bulge systems tobe able to accurately estimate

the fraction of bulge mass that is in the “classical” component. Therefore, we make the

very crude estimate that half of the stellar mass of these bulges is classical bulge mass. We

remind the reader that this is merely intended to be an upper limit. The true number of

classical bulges is likely between these two lines.

The stellar mass limit of 109 M� corresponds roughly to the cut-off in circular ve-

locity used in Croft et al. (2009); therefore our comparing our results is justifiable. The

simulation of Croft et al. (2009) find that in massive galaxies located in low density en-

vironments (e.g. field galaxies) roughly 40-50% are bulge-dominated galaxies. The red

line in Fig. 7.4 indicates the relative frequency of galaxies with any type of bulge (pseudo,

classical or elliptical). It is very similar to the results of Croft et al. (2009). However, if one

treats pseudobulge mass as disk mass, the local Universe does not agree with simulations.

If we assume that the bulges in the simulation areclassicalbulges only, then the simulation

greatly over produces the fraction of early-type galaxies.We find that in the local 11 Mpc

only 17-29% of galaxies contain classical bulges.

Both the relative frequency of galaxies with classical bulges (including elliptical

galaxies) and the mean classical B/T of the local 11 Mpc are strongly dependant on galaxy

mass. For masses greater than 1010− 1010�5 M � we find that the local 11 Mpc becomes

dominated by galaxies with classical bulges and ellipiticals.

Classical bulges and elliptical galaxies acount for roughly 1/3 (28-38%) of the stel-
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lar mass in the local 11 Mpc. This is roughly opposite from thedistribution of mass in

cluster environments, in which 2/3 of the stellar mass is in elliptical galaxies.

In the bottom panel of Fig. 7.4 we show the dependence of the meanB� T on galaxy

stellar mass. In each bin there is very little difference between the upper and lower bound,

however the total upper and lower bounds is differ by 10% largely because the mass in

merging galaxies is considered to haveB� T = 1. The average bulge-to-disk stellar mass

ratio of the local Universe is highly a dependent on galaxy stellar mass. In Fig. 7.3 we show

that classical bulges and elliptical galaxies dominate thestellar mass in galaxies withM� �

1011 M � , whereas disk mass dominates all other mass ranges. The transition from the high

mass-elliptical galaxy regime to less massive disk galaxies is remarkably abrupt. Recently,

Hopkins et al. (2009c) shows that ifB� T is a function of both mass-ratio and gas fraction in

the progenitive merger, then the distribution ofB� T (Fig. 7.2) for all galaxies is recovered.

This is indeed progress over models in which the bulge mass isthe reult of major mergers

at low redshift, (as shown by Weinzirl et al., 2009), howeverthis agreement relies entirely

on the interpretation of pseudobulges. In Fig. 7.4 we show that for galaxies less massive

thanM� � 1010 M � the fraction of classical bulge mass is very low,B� T = 0�0− 0�07. If

pseudobulges are not merger products, but rather disk components then models continue to

generate too much bulge mass.

We must note caveat that Fisher & Drory (2010) also show that there is room in

the mass budget of many pseudobulges for a small classical component of order� 1� 3 the

pseudobulges mass. Therefore constraining the maximum possible mass of a hot, old stel-

lar component within pseudobulges is a crucial set of observations that remains unknown.

Also, comparisons to models should include a volume that properly accounts for the vari-

ance in cosmic density.

Furthermore we show that evolutionarily speaking galaxieswith pseudobulges are

incredibly important in the local Universe. In the local 11 Mpc roughly 2� 3 of the new

stars are made in galaxies with pseudobulges. Therefore efforts to understand how galaxy
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evolution may impact star formation and giant molecular cloud formation are likely tied to

the same phenomena that build pseudobulges. Galaxies with classical bulges are found to

be evolutionarily dead; that is to say, they are not changingtheirB� T at all.

We conclude that if pseudobulges do indeed obtain their massthrough secular pro-

cesses typical semi-analytic models do an excellent job of describing the mass distribu-

tion in cluster environments, but fail to describe low density regions like the local Uni-

verse. Given that very old stellar populations are commonlyobserved in spiral galaxies

(MacArthur et al., 2009), holding off disk galaxy formationuntil lower redshifts does not

appear to be the solution. The problem is that as we understand them now, mergers heat

disks to much (Toth & Ostriker, 1992). Therefore either the merging process does not de-

stroy disks as easily as simple calculations suggest (as noted by Hopkins et al., 2009a); if

recent (z � 2) mergers are preferentially minor-mergers with significant gas fractions, this

may be possible. However, if minor-merging with realistic impact parameters and gas frac-

tions cannot reproduce the properties of pseudobulges, then an alternate possiblity is that

there are fewer mergers in the Universe then simulations suggest.
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Table 7.1. Sample Data

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

Circinus P(mn) 3 2.80 -21.44 3.91 9.43 -0.89
NGC0221 E -5 0.76 -20.86 3.67 10.02 -2.41
NGC3377 E -5 9.30 -20.86 3.94 10.47 -1.43
NGC3379 E -5 10.47 -20.86 3.59 11.18 -1.04
NGC4594 C(mn) 1 9.30 -20.86 2.93 10.96 -0.07
NGC5457 P(mns) 6 6.70 -20.82 3.81 10.24 0.42
NGC6744 C(mn) 4 9.40 -20.73 3.75 10.36 0.23
NGC5194 P(mns)/i 4 8.00 -20.56 3.35 10.93 0.62
NGC1291 C(mn) 0 9.40 -20.48 3.88 10.98 -0.13
NGC4258 C(n) 4 7.98 -20.41 3.40 10.49 0.11
Maffei1 E -5 2.85 -20.40 3.55 10.12 ...
NGC3627 P(mns) 3 10.05 -20.36 3.84 10.54 0.40
NGC4559 nb/d 6 9.70 -20.33 3.58 10.34 -0.03
NGC0224 C(mn) 3 0.79 -20.13 4.15 10.62 -0.66
NGC2903 P(mns) 4 8.90 -20.07 3.89 10.29 0.33
NGC5055 P(mns) 4 7.50 -20.07 3.65 10.48 0.18
NGC5236 P(mns) 5 4.47 -20.05 4.17 10.22 0.53
NGC4826 C?P 2 7.50 -20.02 3.55 10.56 -0.10
NGC3368 P(n) 2 10.52 -20.00 3.84 10.49 -0.38
NGC5128 E -2 3.66 -19.98 3.86 10.84 -0.29
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

NGC0253 P(mn) 5 3.19 -19.94 3.72 10.62 0.51
NGC3031 C(mn) 2 3.63 -19.91 4.31 10.66 -0.21
Maffei2 P(mns) 4 3.40 -19.89 3.32 8.96 -0.12
NGC3034 nb/d 7 3.53 -19.72 3.75 10.04 -0.03
UGCA127 P(n) 6 7.50 -19.69 3.52 9.54 -0.13
NGC3521 C(mn) 4 8.00 -19.69 3.87 10.51 0.24
NGC3623 P(mn) 1 7.30 -19.50 3.77 10.95 -0.48
NGC3351 P(mns) 3 10.00 -19.47 3.43 10.29 0.10
NGC3556 P(m) 6 10.40 -19.40 3.82 10.23 ...
NGC0628 P(mns) 5 7.30 -19.37 3.35 9.87 -0.05
NGC4736 P(mns) 2 4.66 -19.35 3.98 10.27 -0.32
NGC4490 M 7 8.00 -19.30 2.42 10.14 0.03
NGC6946 P(mns) 6 5.90 -19.24 3.48 10.18 0.58
NGC0247 nb/d 7 3.65 -19.20 4.02 9.91 -0.76
NGC6684 C(mn) -2 10.90 -19.16 4.09 10.13 -1.19
NGC3675 P(mns) 3 10.60 -19.13 3.55 10.32 -0.16
NGC0925 P(mns) 7 9.16 -19.12 4.29 9.53 -0.12
NGC5195 P(mns)/i 2 8.00 -19.07 4.19 10.46 -0.50
NGC3621 P(m) 7 6.64 -18.93 3.52 10.37 0.16
NGC1313 nb/d 7 4.15 -18.89 3.49 9.49 -0.25
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

NGC1512 P(mn) 1 9.60 -18.78 3.46 9.93 -0.46
ESO137-G018 nb/d 5 6.40 -18.68 ... 9.66 -1.00
IC5332 P(mn) 7 9.50 -18.68 3.78 9.91 -0.37
NGC2784 C(mn) -2 9.80 -18.66 3.21 10.71 ...
NGC3344 C(mn) 4 6.60 -18.65 3.62 9.51 -0.46
NGC4314 P(ms) 1 9.70 -18.64 3.27 9.85 -0.50
NGC3412 C(mn) -2 10.40 -18.64 4.02 9.92 -1.53
NGC2403 P(mns) 6 3.22 -18.61 3.28 9.43 -0.22
NGC3486 P(mns) 5 8.20 -18.52 3.87 9.42 -0.30
NGC2835 P(mn) 5 8.00 -18.51 3.32 9.50 -0.15
NGC1637 P(mns) 5 8.90 -18.47 3.83 9.53 -0.12
NGC0598 P(mns) 6 0.84 -18.35 3.99 9.21 -0.50
NGC2787 C(mn) 0 7.48 -18.34 3.80 10.43 -1.38
NGC7713 nb/d 7 9.30 -18.33 3.25 9.63 -0.50
NGC7793 P(mns) 7 3.91 -18.33 3.52 9.83 -0.41
UGCA90 P(n) 7 10.40 -18.30 4.18 9.43 -1.10
NGC5068 nb/d 6 6.20 -18.26 4.11 9.11 -0.22
NGC4618 P(mns) 8 7.80 -18.24 3.87 9.68 -0.59
NGC3239 nb/d 9 8.30 -18.24 3.64 9.25 -0.51
NGC4448 P(n) 2 9.70 -18.22 3.21 9.84 -0.59
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

NGC4236 P(mn) 8 4.45 -18.19 3.61 9.27 -0.73
NGC6689 nb/d 6 9.80 -18.13 3.67 9.85 -1.15
NGC6673 P(mn) -1 10.86 -18.12 3.42 10.05 ...
NGC4096 P(mn) 5 8.30 -18.12 3.56 10.12 -0.53
CEPHEUS1 nb/d 10 5.90 -18.06 3.41 9.00 -1.76
IC342 P(ms) 6 3.03 -18.04 4.18 9.81 0.09
NGC1569 nb/d 10 1.90 -18.02 3.03 8.98 -0.51
NGC4136 P(ns) 5 9.70 -18.01 3.97 9.01 -0.76
NGC1058 P(mns) 5 9.20 -18.00 4.10 9.21 -0.66
NGC4242 nb/d 8 7.40 -17.98 3.81 10.14 -1.10
LMC nb/d 9 0.05 -17.97 3.67 9.20 -0.61
NGC0045 nb/d 8 7.10 -17.94 4.20 9.94 -0.32
UGCA114 nb/d 7 9.80 -17.91 3.55 9.60 -0.83
UGC12632 nb/d 9 9.60 -17.89 3.77 9.79 -1.18
NGC1156 nb/d 10 7.80 -17.87 3.53 8.92 -0.62
NGC5474 nb/d 6 7.20 -17.84 3.40 9.31 -0.94
NGC1744 nb/d 6 7.70 -17.83 4.06 9.43 -0.91
NGC0672 nb/d 6 7.20 -17.82 3.55 9.05 -0.73
NGC4605 nb/d 5 5.47 -17.80 3.68 9.24 -0.60
NGC0300 nb/d 7 2.00 -17.79 4.37 9.20 -0.86
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

NGC4245 P(n) 0 9.70 -17.77 3.79 10.21 -1.05
NGC3077 nb/d 6 3.82 -17.74 3.46 9.65 -1.12
NGC6503 nb/d 6 5.27 -17.70 3.67 9.46 -0.74
NGC0959 nb/d 8 9.20 -17.60 4.06 9.38 -1.24
NGC4534 nb/d 8 10.80 -17.60 3.64 9.02 -0.96
NGC5585 P(mn) 7 5.70 -17.58 3.46 9.28 -1.11
NGC5253 nb/d 11 3.15 -17.54 3.36 8.87 -0.76
ESO495-G021 nb/d 11 7.80 -17.48 3.35 8.77 -0.32
NGC1487 M 7 9.10 -17.46 3.92 9.39 -0.70
NGC0949 P(mn) 4 9.20 -17.42 4.06 9.18 ...
NGC4941 P(mns) 2 6.40 -17.40 4.07 9.33 -0.55
NGC4485 nb/d 10 7.10 -17.36 3.32 8.76 -1.00
NGC0024 nb/d 5 8.10 -17.35 3.99 9.73 -1.01
NGC5102 C(mn) -3 3.40 -17.31 4.02 9.25 ...
ESO223-G009 nb/d 10 6.49 -17.28 3.49 8.69 -1.01
UGCA212 nb/d 8 10.10 -17.28 3.64 9.31 ...
NGC3593 P(mns) 0 6.50 -17.20 3.61 9.70 -0.56
NGC1796 nb/d 5 10.30 -17.20 4.33 9.43 -0.49
NGC2500 P(mns) 7 7.60 -17.20 3.44 9.42 -0.82
NGC4214 nb/d 10 2.92 -17.09 3.61 8.97 -0.77

340



Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

NGC5408 nb/d 10 4.81 -17.01 3.30 9.10 -0.97
NGC3125 nb/d 11 10.80 -17.00 3.28 8.95 -0.43
UGC4305 nb/d 10 3.39 -16.97 3.59 8.78 -1.26
UGCA103 P(mns) 9 10.40 -16.96 3.72 9.06 -0.97
KKR59 nb/d 10 5.90 -16.95 5.73 8.55 -1.39
IC4710 nb/d 9 7.70 -16.93 3.61 9.27 -0.86
UGCA106 nb/d 9 9.80 -16.91 3.95 9.09 -0.95
NGC2552 nb/d 9 7.70 -16.87 3.48 9.25 -1.27
SMC nb/d 9 0.06 -16.80 3.42 8.81 -1.43
NGC3738 nb/d 10 4.90 -16.80 3.46 8.62 -1.40
NGC1800 nb/d 9 8.20 -16.79 3.27 8.71 -1.31
ESO305-G009 nb/d 8 10.90 -16.79 3.65 8.39 ...
NGC4625 nb/d 9 8.70 -16.78 3.66 9.05 -1.16
NGC0855 P(mn) -1 9.70 -16.63 4.18 9.50 -1.13
NGC0404 C(n) -1 3.27 -16.63 3.62 9.53 -1.50
NGC2337 nb/d 10 7.90 -16.63 3.40 8.58 -1.04
NGC5204 nb/d 9 4.65 -16.61 3.36 8.93 -1.11
NGC5608 nb/d 10 10.20 -16.60 3.38 7.93 -1.65
IC4870 nb/d 10 9.90 -16.60 3.38 8.18 -1.24
UGC5151 nb/d 10 10.70 -16.60 3.01 8.45 -1.30
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

ESO435-G016 nb/d 3 9.10 -16.59 3.43 9.37 ...
UGC7490 nb/d 9 8.40 -16.57 3.15 8.97 -1.61
ESO158-G003 nb/d 9 10.00 -16.56 3.35 8.65 ...
ESO383-G087 nb/d 8 3.45 -16.52 3.33 8.86 -1.47
NGC2976 nb/d 5 3.56 -16.52 3.83 9.53 -0.90
UGC2034 nb/d 10 9.20 -16.50 3.60 8.90 -1.60
NGC1510 P(mns) -1 9.80 -16.50 4.02 8.86 -1.02
UGC12588 nb/d 8 9.50 -16.42 3.25 9.18 -1.30
IC5256 nb/d 8 10.80 -16.41 3.28 8.06 ...
NGC3274 nb/d 8 9.50 -16.40 3.85 8.94 -1.21
UGC9660 nb/d 4 10.20 -16.39 3.03 7.97 -1.86
NGC2537 M 8 6.90 -16.37 2.54 9.27 -0.93
UGC2023 nb/d 10 9.20 -16.37 3.54 8.96 -1.46
NGC7518 P(ns) 1 10.00 -16.36 3.78 9.25 ...
UGC7690 nb/d 10 7.70 -16.33 3.19 8.74 -1.50
NGC5206 nb/d -3 3.60 -16.30 3.35 9.50 ...
UGC7698 nb/d 10 6.10 -16.28 3.75 8.56 -1.71
NGC5949 nb/d 4 8.50 -16.28 3.72 9.61 -1.11
ESO306-G013 nb/d 3 10.80 -16.28 3.22 9.24 ...
IC5152 nb/d 10 1.97 -16.19 3.17 8.59 -1.77
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

MCG-05-13-004 nb/d 9 6.60 -16.17 3.17 8.46 ...
NGC4288 nb/d 7 7.70 -16.17 3.26 8.75 -1.30
UGC891 nb/d 9 10.80 -16.16 3.63 8.74 -2.09
ESO364-G?029 nb/d 10 7.40 -16.16 3.47 8.09 -1.60
UGC9211 nb/d 10 10.70 -16.15 2.99 7.75 -1.72
UGC8201 nb/d 10 4.57 -16.15 3.35 8.32 -2.63
NGC5264 nb/d 9 4.53 -16.14 3.29 8.74 -2.04
ESO483-G013 nb/d -3 10.40 -16.13 3.41 8.16 -1.34
UGC5451 nb/d 10 8.70 -16.12 3.39 7.76 -1.92
NGC4020 nb/d 7 9.70 -16.11 4.14 9.32 -1.20
UGC3974 nb/d 10 8.04 -16.11 3.71 8.44 -1.73
UGC3303 nb/d 10 7.20 -16.10 3.56 8.88 ...
UGC7639 nb/d 10 8.00 -16.08 3.32 7.74 -2.66
NGC4248 nb/d 3 7.20 -16.08 3.67 9.20 -1.84
NGC4204 nb/d 8 10.40 -16.08 3.82 9.07 -0.83
NGC4707 nb/d 9 7.40 -16.07 3.37 8.87 -1.83
NGC2915 nb/d 0 3.78 -16.06 3.00 9.08 -1.55
UGCA120 nb/d 10 8.70 -16.05 3.22 8.36 -1.87
UGC4998 nb/d 10 10.50 -16.02 3.11 8.16 -2.23
UGC8188 nb/d 9 4.49 -16.00 3.59 8.38 -1.62
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

NGC3299 nb/d 8 10.40 -15.98 3.77 9.54 -1.44
NGC1522 nb/d 11 9.30 -15.97 3.22 8.00 -1.37
UGC7608 nb/d 10 7.80 -15.96 3.59 8.21 -1.63
MCG-03-34-002 nb/d 4 10.20 -15.96 3.22 8.35 ...
UGC1865 nb/d 9 9.20 -15.93 3.58 8.61 -1.80
UGC5829 nb/d 10 7.90 -15.92 3.71 8.17 -1.32
ESO119-G016 nb/d 10 9.80 -15.90 3.42 7.80 -1.65
UGC8313 nb/d 5 8.70 -15.85 3.29 7.67 -1.61
UGC1176 nb/d 10 9.00 -15.84 3.76 8.79 -1.91
UGC10736 nb/d 8 9.80 -15.84 3.63 7.86 -2.08
UGC6161 nb/d 8 10.30 -15.82 3.10 7.64 -1.61
UGC5889 nb/d 9 9.30 -15.81 3.29 8.68 -2.11
NGC1705 nb/d 11 5.10 -15.80 3.14 7.93 -1.12
ESO435-IG020 nb/d 10 9.00 -15.78 3.08 8.41 -1.01
UGC4426 nb/d 10 10.28 -15.75 3.45 8.27 -2.42
UGC7774 nb/d 7 7.40 -15.72 3.33 7.65 -2.17
ESO324-G024 nb/d 10 3.73 -15.69 3.21 8.55 -1.88
NGC1592 nb/d 10 10.60 -15.68 3.20 7.83 ...
ESO486-G021 nb/d 2 8.90 -15.67 3.19 7.79 -1.63
UGCA148 nb/d 10 9.80 -15.67 3.21 8.04 -2.13
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

NGC4068 nb/d 10 4.31 -15.65 3.07 7.67 -1.87
ESO245-G005 nb/d 10 4.43 -15.65 3.33 9.00 -1.66
ESO409-IG015 nb/d 6 10.40 -15.64 3.20 7.62 -1.33
NGC4080 nb/d 10 6.90 -15.62 3.09 7.69 -1.98
UGCA162 nb/d 9 7.50 -15.61 3.30 8.10 -2.00
UGC1104 nb/d 9 7.50 -15.61 3.11 8.03 -2.06
UGC5923 nb/d 0 7.20 -15.59 2.96 7.69 -2.27
UGC11583 nb/d 10 5.90 -15.58 3.25 8.01 -2.72
IC3104 nb/d 10 2.27 -15.55 2.89 8.74 -2.49
NGC5477 nb/d 9 7.70 -15.52 3.09 7.88 -1.54
UGC3966 nb/d 10 6.80 -15.51 3.23 8.18 -2.40
UGC1056 nb/d 10 10.30 -15.50 ... 8.11 -1.73
UGC7719 nb/d 8 9.40 -15.43 3.35 7.52 -1.78
NGC5229 nb/d 7 5.10 -15.42 3.22 8.18 -2.16
UGC9405 nb/d 10 8.00 -15.42 3.32 8.09 -3.11
UGC6457 nb/d 10 10.20 -15.41 3.08 7.61 -1.86
UGC9992 nb/d 10 8.60 -15.37 3.26 7.70 -2.25
UGC2716 nb/d 8 6.20 -15.35 2.92 8.67 -2.29
KKR60 nb/d 10 5.90 -15.33 6.41 7.91 -1.52
UGCA116 nb/d 11 9.10 -15.32 2.90 7.90 -0.10
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

ISZ399 nb/d 11 9.00 -15.30 3.15 7.88 -1.50
UGC5288 nb/d 8 6.80 -15.30 2.82 7.65 -1.84
UGC2259 nb/d 8 9.20 -15.28 3.34 8.01 -1.34
UGC9497 nb/d 6 10.00 -15.24 3.10 7.42 -1.86
NGC6822 nb/d 10 0.50 -15.23 3.10 7.87 -1.97
ESO383-G091 nb/d 7 3.60 -15.21 3.14 8.01 -3.12
IC2782 nb/d 8 9.70 -15.18 3.12 7.50 ...
NGC5238 nb/d 8 5.20 -15.16 3.10 7.51 -1.89
ESO377-G003 nb/d 4 9.20 -15.15 3.08 7.83 ...
CGCG262-028 nb/d 5 6.90 -15.15 2.93 7.95 -1.73
ESO059-G001 nb/d 10 4.57 -15.14 3.12 8.67 -2.19
UGCA319 nb/d 9 7.40 -15.14 3.11 8.03 -3.14
UGCA92 nb/d 10 1.80 -15.10 2.66 7.82 -2.38
UGC7949 nb/d 10 9.90 -15.10 3.42 7.41 -2.14
ESO149-G003 nb/d 10 6.40 -15.08 3.09 7.36 -2.15
UGC3860 nb/d 10 7.81 -15.07 3.19 7.93 -2.17
UGC6900 nb/d 10 7.50 -15.06 3.30 8.64 -2.50
UGC5672 nb/d 5 6.30 -15.05 3.25 7.44 -2.51
ESO104-G044 nb/d 9 8.40 -15.03 3.16 7.57 -1.75
ESO302-G014 nb/d 10 9.60 -15.02 3.28 7.29 -1.80
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

UGC12713 nb/d 0 7.70 -15.00 3.03 8.09 -2.03
UGC5456 nb/d 5 3.80 -14.99 2.79 8.00 -2.18
UGC695 nb/d 6 10.20 -14.98 3.07 7.46 -2.03
UGC7866 nb/d 10 4.57 -14.97 3.35 7.73 -1.92
ESO272-G025 nb/d 8 5.60 -14.96 2.96 8.76 -2.34
IC4247 nb/d 2 4.97 -14.93 3.00 7.80 -2.85
ESO104-G022 nb/d 10 8.70 -14.91 3.15 7.96 -1.82
UGC7599 nb/d 8 6.90 -14.90 3.27 7.85 -2.82
UGC7916 nb/d 10 8.20 -14.89 3.43 7.34 -1.75
KKR55 nb/d 10 5.90 -14.88 2.61 7.73 -2.18
UGC2014 nb/d 10 9.20 -14.88 3.41 7.72 -2.41
UGC4787 nb/d 8 6.50 -14.86 3.20 7.37 -2.23
UGC9893 nb/d 7 10.90 -14.85 3.19 7.28 -2.76
UGC5692 nb/d 9 4.00 -14.84 3.28 8.52 -2.63
ESO381-G020 nb/d 10 5.44 -14.83 3.13 7.76 -1.78
UGC4115 nb/d 10 7.72 -14.81 3.31 7.40 -1.85
UGC7267 nb/d 8 7.30 -14.80 3.14 7.35 -2.26
UGC7577 nb/d 10 2.74 -14.79 3.19 8.00 -2.65
UGC5740 nb/d 9 9.30 -14.73 3.23 7.29 -1.82
UGC7242 nb/d 6 5.42 -14.70 3.05 7.26 ...
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

UGC7271 nb/d 7 7.80 -14.68 3.12 7.21 -2.25
UGC685 nb/d 9 4.70 -14.67 2.84 7.62 -2.24
UGC3817 nb/d 10 8.60 -14.65 3.33 8.05 -2.05
UGC7559 nb/d 10 4.87 -14.65 3.40 7.65 -2.11
UGC7950 nb/d 10 7.90 -14.64 3.17 7.20 -2.06
MRK475 nb/d 11 9.00 -14.61 2.78 7.16 -1.62
ESO325-G011 nb/d 10 3.40 -14.60 3.13 7.88 -1.91
UGCA20 nb/d 10 9.00 -14.57 2.59 7.56 -1.97
UGC2689 nb/d -2 5.90 -14.55 2.98 8.45 ...
MCG-04-02-003 nb/d 9 9.80 -14.55 3.01 7.20 -2.20
UGCA298 nb/d -3 10.30 -14.55 3.00 7.15 ...
ESO252-IG001 nb/d 99 6.00 -14.55 2.00 7.62 -2.42
CGCG217-018 nb/d 10 8.20 -14.53 2.83 7.14 -2.12
UGC5917 nb/d 10 10.30 -14.50 3.13 7.17 -1.87
UGC1561 nb/d 10 10.50 -14.50 3.18 7.81 -1.86
UGC5076 nb/d 10 8.30 -14.49 3.10 7.15 -2.91
UGCA153 nb/d 10 6.50 -14.46 3.10 7.84 -2.51
UGC5373 nb/d 10 1.44 -14.46 3.01 7.90 -2.90
KUG1004+392 nb/d 10 7.80 -14.43 3.05 7.10 -1.88
UGC5423 nb/d 10 5.30 -14.42 2.93 7.75 -2.39
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

UGC8024 nb/d 10 4.30 -14.42 3.08 7.52 -2.49
UGC6102 nb/d 10 8.50 -14.42 3.12 7.22 -2.60
UGC5453 nb/d 10 9.30 -14.40 3.08 7.29 -2.80
ESO553-G046 nb/d 1 5.00 -14.40 2.88 7.39 ...
KKR56 nb/d 10 5.90 -14.40 5.08 7.53 -2.74
ESO249-G036 nb/d 10 9.60 -14.39 3.21 7.05 -1.84
UGC668 nb/d 10 0.65 -14.35 3.24 8.00 -2.51
UGC5797 nb/d 10 6.80 -14.34 2.93 7.24 -2.54
UGC8683 nb/d 10 9.60 -14.31 3.42 7.00 -2.07
KUG1413+573 nb/d 10 7.40 -14.30 3.02 7.03 -2.71
UGC3600 nb/d 10 7.30 -14.25 3.08 7.78 -3.09
ESO238-G005 nb/d 10 8.90 -14.20 3.23 7.01 -2.21
UGCA86 nb/d 10 2.96 -14.20 3.29 7.46 -1.30
UGC9240 nb/d 10 2.80 -14.19 2.81 7.46 -2.89
UGC5918 nb/d 10 7.40 -14.19 3.42 7.67 -2.46
IC4316 nb/d 10 4.40 -14.16 2.95 7.89 ...
ESO140-G019 nb/d 10 10.80 -14.16 3.06 7.63 -1.75
UGC6541 nb/d 11 3.89 -14.12 2.83 7.36 -2.08
ESO222-G010 nb/d 10 5.40 -14.11 2.85 9.44 -2.45
ESO300-G016 nb/d 10 7.80 -14.10 2.95 7.01 -2.91
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

LEDA166193 nb/d 10 5.90 -14.09 3.87 8.22 -2.87
SextansA nb/d 10 1.32 -14.04 3.02 7.52 -2.44
MRK36 nb/d 11 7.80 -14.03 2.83 7.09 -1.43
AM0704-582 nb/d 9 4.90 -14.01 ... 7.62 -2.23
UGC5139 nb/d 10 3.84 -14.01 3.27 7.56 -2.28
NGC4190 nb/d 10 3.50 -14.01 2.89 7.08 -2.29
NGC4163 nb/d 10 2.96 -14.01 2.85 6.99 -3.05
UGC5336 nb/d 10 3.70 -14.00 3.13 7.51 -2.91
ESO473-G024 nb/d 10 8.00 -13.99 2.99 6.98 -2.31
UGC7605 nb/d 10 4.43 -13.95 2.90 6.92 -2.68
IC559 nb/d 5 4.90 -13.94 2.87 7.03 -2.70
UGC2684 nb/d 10 6.50 -13.91 3.21 8.12 -3.02
ESO348-G009 nb/d 10 8.60 -13.88 2.96 6.88 -2.32
AM0605-341 nb/d 10 7.00 -13.86 ... 7.38 -1.98
UGC7007 nb/d 9 10.10 -13.85 3.39 6.93 -2.41
UGCA290 nb/d 11 6.70 -13.82 2.78 6.86 -2.56
UGC7678 nb/d 6 9.30 -13.81 2.92 6.88 -1.70
NGC6789 nb/d 10 3.60 -13.77 2.70 7.36 -2.43
SBS1331+493 nb/d 11 9.30 -13.72 2.97 6.76 -1.85
UGCA281 nb/d 11 5.70 -13.71 2.81 6.82 -1.41
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

UGC5427 nb/d 8 7.10 -13.69 3.04 6.90 -2.41
UGC7356 nb/d 10 6.70 -13.68 2.95 6.88 ...
UGC8508 nb/d 10 2.69 -13.67 2.82 7.11 -2.77
UGC10669 nb/d 10 9.20 -13.66 3.21 6.99 -3.53
UGC1807 nb/d 10 9.20 -13.65 3.42 7.41 -1.89
ESO384-G016 nb/d 10 4.53 -13.61 2.84 7.36 -4.66
LEDA166192 nb/d 8 5.90 -13.58 3.16 7.41 -2.70
IC2787 nb/d 6 7.70 -13.56 2.95 6.87 -4.84
UGC7584 nb/d 9 7.30 -13.54 2.80 6.84 -2.68
UGC12894 nb/d 10 8.20 -13.49 3.01 7.63 ...
UGC8245 nb/d 10 3.60 -13.45 2.86 6.89 -3.34
UGC8651 nb/d 10 3.02 -13.45 3.02 6.63 -2.68
UGC4459 nb/d 10 3.56 -13.44 2.60 7.21 -2.16
IC10 nb/d 10 0.66 -13.40 2.81 7.13 -1.61
UGC8638 nb/d 10 4.27 -13.37 2.74 6.67 -2.37
ESO444-G084 nb/d 10 4.61 -13.35 2.83 7.20 -2.54
MCG+07-26-012 nb/d 6 6.40 -13.33 2.97 6.72 -3.07
CGCG035-007 nb/d 5 5.20 -13.31 2.77 7.51 -2.80
KUG1207+367 nb/d 10 4.50 -13.30 2.75 6.76 -3.79
LSBCD565-06 nb/d 10 9.08 -13.28 2.90 6.88 -4.79
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

NGC3741 nb/d 10 3.19 -13.27 2.64 6.89 -2.42
LSBCD564-08 nb/d 10 8.67 -13.10 2.89 6.71 -4.43
UGC8308 nb/d 10 4.19 -13.07 2.81 6.52 -2.89
KDG61 nb/d 8 3.60 -13.03 2.79 8.08 -3.27
MCG+07-26-011 nb/d 8 6.00 -13.02 2.79 6.64 -2.76
UGC5209 nb/d 10 6.40 -13.01 2.92 6.59 -3.38
UGC6456 nb/d 10 4.34 -12.97 2.71 6.75 -1.99
BTS76 nb/d 10 6.00 -12.90 2.42 6.58 -3.63
UGC4483 nb/d 10 3.21 -12.90 2.72 6.68 -2.48
UGC9128 nb/d 10 2.24 -12.76 2.52 6.66 -4.02
CGCG269-049 nb/d 10 3.20 -12.76 2.45 6.54 -3.17
UGC12613 nb/d 10 0.76 -12.63 2.72 7.60 -4.60
AndIV nb/d 10 6.11 -12.60 ... 6.93 -3.12
UGC8833 nb/d 10 3.20 -12.59 2.65 6.35 -3.37
KKH34 nb/d 10 4.61 -12.58 2.73 8.54 -3.95
LSBCD634-03 nb/d 10 9.46 -12.58 2.51 6.60 -4.45
UGC7298 nb/d 10 4.21 -12.58 2.80 6.45 ...
UGC8091 nb/d 10 2.13 -12.58 2.48 6.68 -2.72
LEDA100404 nb/d 9 6.80 -12.58 2.65 6.73 -4.92
LEDA166137 nb/d 10 6.00 -12.49 2.82 6.42 -3.28
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

UGC8215 nb/d 10 4.55 -12.46 2.79 6.28 -4.10
LSBCF573-01 nb/d 10 7.20 -12.38 2.91 6.35 -4.69
UGC8055 nb/d 10 6.60 -12.37 2.95 6.45 -2.84
UGCA438 nb/d 10 2.22 -12.27 2.64 6.25 -4.35
UGC5428 nb/d 10 3.50 -12.24 2.64 7.42 -4.58
ESO349-G031 nb/d 10 3.21 -12.06 2.64 6.14 -5.10
SDSSJ0825+3532 nb/d 11 9.30 -11.99 ... 6.66 -2.25
KKH37 nb/d 10 3.39 -11.95 2.65 6.70 -3.85
UGCA276 nb/d 10 3.18 -11.95 2.71 6.17 ...
ESO594-G004 nb/d 10 1.04 -11.84 2.64 7.13 -3.89
UKS1424-460 nb/d 10 3.58 -11.83 ... 6.51 -3.59
UGC5364 nb/d 10 0.69 -11.76 2.66 6.48 -4.17
UGCA292 nb/d 10 3.10 -11.73 2.64 6.04 -2.80
UGC5272b nb/d 10 7.10 -11.59 ... 6.45 -3.15
DDO210 nb/d 10 0.94 -11.50 2.47 6.26 -5.38
KDG73 nb/d 10 3.70 -10.79 2.51 5.69 -5.47
ESO245-G007 nb/d 10 0.44 -10.09 2.18 6.36 ...
LEDA166115 nb/d -1 4.51 -9.75 1.90 6.36 -5.41
BK3N nb/d 10 4.02 -9.57 ... 5.75 -5.46
M81dwA nb/d 10 3.55 -9.15 ... 5.47 -5.20
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Table 7.1 (cont’d)

Galaxy Bulge T Dist. MB log(D25/2) log(M� �total) � total

Classification (Mpc) (mags) (pc) (M� ) (M � yr−1)

KKR03 nb/d 10 2.14 -8.91 ... 6.59 -5.68
LGS3 nb/d 99 0.62 -7.94 2.03 5.94 -6.90
LeoT nb/d 10 0.42 -6.85 0.92 4.57 -5.92

Table 7.2. Bulge Data

Galaxy Bulge nb B� T M/ � (r<1 kpc)
�

SF(r<1 kpc)
morph. (Gyr) M� yr−1 kpc−2

Circinus P 1.27 0.27 ... ...
IC342 P 2.14 0.03 0.70 -0.41
IC5332 P 1.34 0.04 52.37 -2.25
Maffei2 P 0.80 0.09 0.42 -0.69
NGC0224 C 2.13 0.48 1792.86 -2.47
NGC0253 P 1.49 0.05 35.96 -0.63
NGC0404 C?P 3.38 0.16 105.29 -2.08
NGC0598 P 1.36 0.03 18.22 -2.28
NGC0628 P 1.55 0.08 11.73 -1.62
NGC0855 P 1.21 0.33 ... ...
NGC0925 P 0.74 0.07 5.06 -1.94
NGC0949 P 1.56 0.20 ... ...
NGC1058 P 1.49 0.03 5.49 -1.55
NGC1291 C 2.66 0.47 59.29 -0.73
NGC1510 P 1.49 0.42 4.27 -1.42
NGC1512 P 1.79 0.28 30.84 -1.60
NGC1637 P 1.08 0.06 1.41 -0.88
NGC2403 P 0.66 0.07 10.37 -1.85
NGC2500 P 1.73 0.02 21.00 -2.03
NGC2784 C 2.69 0.45 ... ...
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Table 7.2 (cont’d)

Galaxy Bulge nb B� T M/ � (r<1 kpc)
�

SF(r<1 kpc)
morph. (Gyr) M� yr−1 kpc−2

NGC2787 C 2.62 0.58 471.70 -2.01
NGC2835 P 1.73 0.07 ... ...
NGC2903 P 0.46 0.10 3.50 -0.43
NGC3031 C 3.88 0.37 128.61 -1.63
NGC3344 C 2.34 0.08 4.95 -1.35
NGC3351 P 1.54 0.16 4.15 -0.39
NGC3368 P 1.63 0.26 63.48 -1.31
NGC3412 C 2.65 0.39 413.13 -2.60
NGC3486 P 1.62 0.10 20.33 -1.94
NGC3521 C 2.60 0.12 35.24 -1.27
NGC3556 P 2.12 0.21 ... ...
NGC3593 P 0.81 0.51 14.51 -1.19
NGC3621 P 2.79 0.01 33.02 -1.30
NGC3623 P 1.83 0.16 1253.43 -2.37
NGC3627 P 1.36 0.10 16.08 -0.91
NGC3675 P 1.62 0.14 23.44 -1.21
NGC4096 P 0.80 0.08 124.90 -1.88
NGC4136 P 1.75 0.02 8.35 -2.17
NGC4236 P 1.91 0.01 23.45 -3.09
NGC4245 P 1.03 0.21 230.69 -1.94
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Table 7.2 (cont’d)

Galaxy Bulge nb B� T M/ � (r<1 kpc)
�

SF(r<1 kpc)
morph. (Gyr) M� yr−1 kpc−2

NGC4258 C?P 2.80 0.11 ... ...
NGC4314 P 3.07 0.22 10.23 -1.04
NGC4448 P 1.19 0.17 36.24 -1.70
NGC4594 C 6.19 0.51 406.16 -1.92
NGC4618 P 1.41 0.04 28.24 -2.07
NGC4736 P 1.30 0.36 22.13 -0.85
NGC4826 C?P 3.57 0.29 17.67 -0.78
NGC4941 P 1.93 0.16 6.90 -1.41
NGC5055 P 1.33 0.19 20.08 -1.15
NGC5102 C 3.53 0.37 ... ...
NGC5194 P 0.50 0.11 18.32 -0.70
NGC5195 P 1.61 0.29 24.11 -0.73
NGC5236 P 0.44 0.09 1.68 -0.15
NGC5457 P 1.52 0.02 3.79 -1.34
NGC5585 P 0.89 0.05 176.56 -2.34
NGC6673 P 1.13 0.29 ... ...
NGC6684 C 3.45 0.38 255.07 -2.23
NGC6689 P 1.21 0.04 123.75 -2.64
NGC6744 C 3.15 0.15 163.63 -2.26
NGC6946 P 1.58 0.05 1.08 -0.31
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Table 7.2 (cont’d)

Galaxy Bulge nb B� T M/ � (r<1 kpc)
�

SF(r<1 kpc)
morph. (Gyr) M� yr−1 kpc−2

NGC7518 P 1.40 0.16 ... ...
NGC7793 P 1.08 0.02 22.14 -1.75
UGCA103 P 0.62 0.05 5.06 -4.55
UGCA127 P 1.63 0.28 ... ...
UGCA90 P 0.85 0.04 ... ...

357



Bibliography

Aaronson, M., Huchra, J., & Mould, J. 1979, ApJ, 229, 1

Abadi, M. G., Navarro, J. F., Steinmetz, M., & Eke, V. R. 2003,ApJ, 597, 21

Abazajian, K., & Sloan Digital Sky Survey, f. t. 2008, ArXiv e-prints

Adelman-McCarthy, J. K., Agüeros, M. A., Allam, S. S., Anderson, K. S. J., Anderson,

S. F., Annis, J., Bahcall, N. A., Baldry, I. K., Barentine, J.C., Berlind, A., Bernardi,

M., Blanton, M. R., Boroski, W. N., Brewington, H. J., Brinchmann, J., Brinkmann, J.,

Brunner, R. J., Budavári, T., Carey, L. N., Carr, M. A., Castander, F. J., Connolly, A. J.,

Csabai, I., Czarapata, P. C., Dalcanton, J. J., Doi, M., Dong, F., Eisenstein, D. J., Evans,

M. L., Fan, X., Finkbeiner, D. P., Friedman, S. D., Frieman, J. A., Fukugita, M., Gille-

spie, B., Glazebrook, K., Gray, J., Grebel, E. K., Gunn, J. E., Gurbani, V. K., de Haas, E.,

Hall, P. B., Harris, F. H., Harvanek, M., Hawley, S. L., Hayes, J., Hendry, J. S., Hennessy,

G. S., Hindsley, R. B., Hirata, C. M., Hogan, C. J., Hogg, D. W., Holmgren, D. J., Holtz-
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