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Chapter 1

An Observational Guide to Identifying
Pseudobulges and Classical Bulges in Disk
Galaxies

David B Fisher and Niv Drory

Abstract In this review our aim is to summarize the observed propedfepseu-

dobulges and classical bulges. We utilize an empirical @ggr to studying the
properties of bulges in disk galaxies, and restrict ourysislto statistical proper-
ties. A clear bimodality is observed in a number of propsiitieluding morphology,
structural properties, star formation, gas content & atgdbpulation, and kinemat-
ics. We conclude by summarizing those properties thattisgiaeudobulges from
classical bulges. Our intention is to describe a practeady to use, list of criteria
for identifying bulge types.

1.1 Introduction

This paper reviews those observed properties of bulgesékiaal the bimodal na-
ture of the central structures found in disk galaxies. Our & to collect a set of
empirical properties of bulges that can be used to diagnalge$€into the two sub-
categories commonly referred to pseudobulges and classical bulges. Despite a
long history of studying bulges in disk galaxi@_l, and the knowledge
that bulges are very common, being found in upwards80% of bright galaxies
(> 10° M [Fisher & Drory,[20101), only recently have systematic stsdof the
bimodal nature of bulges become frequent in the literature.

Kormendy & lllingworth (1983) have shown that bulges in digkaxies separate
by internal kinematics: some rotate rapidly like a disk vehathers are dominated by
random motions (Kormendy & lllingworth, 1982). Also, theview by Wyse et dl.

, and references therein) demonstrates clearly thgéd® are a heterogeneous
class of objects. Bulges are shown to vary significantly girthges and metallic-
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ities, and not all bulges show properties that are similalliptical galaxies. The
observation that there is more than one type of bulge intreglthe possibility that
bulges as a class could be the end result of more than one nischaf galaxy
evolution.
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Fig. 1.1 The frequency of bulge types correlates with total galaxgsnahe four curves indicate
the frequency of pseudobulges (blue solid line), classiaides (red filled region), galaxies with
no bulge (dotted line) and all bulges (dashed line) as a ifomcif total galaxy mass. The classical
bulges are shown as a shaded region because an attempt hasdmizto account for composite
pseudobulge-classical systems. The higher value for a gnass includes this estimate, the lower
value is for galaxies whose bulges are pure-classical lygems. There is a clear sequence of
bulgeless galaxies existing at low mass, pseudobulgesemiediate mass galaxies and classical
bulges in high mass galaxies.

In Fig.[T.2 we show a result that illustrates simple evideheaebulge type is con-
nected to the evolution of galaxies. The figure shows thaugaqy of bulge types for
the brightest-100 galaxies in the local 11 Mpc volume. The type of bulge axal
contains changes systematically as galaxy mass incregiseitarly, galaxies with
blue, young, stellar populations have been shown to hawedréferent bulges than
those of red, old galaxies (Drory & Fisher, 2007). Theseltssmggest that bulge
type is connected to the phenomena that drive galaxy ewoluBieing able to diag-
nose bulge types in galaxies is therefore both useful to nstaled the properties of
an individual galaxy, and also to understand galaxy evoluith general.

At present, we know of three main mechanisms that allow axgaie grow
bulge mass (as measured by an increase in the bulge-tohtotaosity ratio
from bulge-disk decompositions). These are merging ps&Ese I,

2005; Aguerri et all, 2001), slow secular evolutibn (Korme& Kennicutt, 2004;
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Athanassoula, 2005a), and rapid internal evolution dudsio idstabilities during
the “clumpy” phasel (Elmegreen et al., 2008; Inoue & SaitdH.2). It is therefore
critical that we be able to identify the properties of bulgiest potentially isolate
features associated with each of these formation chan@elsn that realistically
the end result of bulge formation and evolution is likely angmsite object, rec-
ognizing “pure” examples of each formation channel (i.e. thost extreme cases
along a spectrum of properties) will be necessary to disgeathe physical pro-
cesses involved.

In this review we will concentrate on work separating bulges the dimor-
phic classes mentioned above. These two categories havegbas names, the
most popular of which seem to be “pseudobulges” and “clasbiglges”. In short,
pseudobulges are bulges that have properties that hesllgniee associate with dis-
sipative phenomena (active star formation, rotating kiates, young stars; alterna-
tively, some authors refer to such bulges as “disky bulgAsfignassoula, 2005a)).
IKormendy & Kennicult|(2004) give a thorough review, thougiwn10 years old,
of pseudobulge properties. That review focuses largelyxemglary cases, while
the review here will focus on statistical results, which t@napplied to large sets
of galaxies. “Classical bulges”, in turn, are those bulded exhibit properties re-
sembling elliptical galaxies, such as smooth distributddrstars, old stellar age,
and kinematics dominated by random motions. The term “caBsefers to this
being the widespread preconception about bulges for muaheoR0th century
.7). Using a terminology that is based on@reeptions that are no
longer widely held seems a bit archaic. Nonetheless, wepatice concept in lan-
guage signification (known &aussurean Arbitrariness), in which historic meaning
or sound of a word is not as important as the meaning we aderibaow, and sim-
ply adopt the most popular terms of the present day (“pseuldeb” and “classical
bulges”). For further reading on bulge properties we refiereader to the afore-
mentioned reviews by Kormendy & Kennicutt (2004) and Wysale{1997), and
also the lecture notes by Gadotti (2012) and Kormehdy (2013)

1.1.1 Definition of a Bulge

Before discussing the separate kinds of bulges, it is nacgde define what is
meant by the term “bulge” when applied to galaxies. The mostroonly used def-
inition of bulges is based on the observed rise in surfagghbmiess above the disk
that is observed at the center of many intermediate-typaxged. Disk components
of galaxies are often well described by an exponential ded#ly increasing ra-
dius of their surface brightne970). Manyxgaaontain a centrally
located structure that is brighter than the inward extrafiah of the disk’s exponen-
tial surface brightness, and this component is not assatisith a bar. This central
structure is often identified as a “bulge”. Bulges of thiseygre often identified us-

ing bulge-disk decomposition techniquies (Kormendy, 197ddmmonly using the
Seérsic functioni 68) to describe the surfaghbress of the bulge. Defin-
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ing bulges using surface photometry has the advantagettigsiraightforward,
empirically based, and can be applied to large numbers akged. In principle one
can use large data sets like the Sloan Digital Sky Survey anaaierize bulges in
> 10* galaxies|(Lackner & Gunn, 2012).

Identifying bulges in bulge-disk decomposition is by natparametric, but disk
galaxies could have non-exponential components in theitece (similar to bars).
Therefore, identifying extra light as a seperate component be misleading and
physically meaningless. An alternate view of this is thas@me intermediate-type
galaxies, the bulge-disk decomposition simply reflectsrmpigcal description of
the surface brightness profile of star light. Another weakna this method is that
bulge-disk decomposition using the Sérsic function (dbsd below) appears de-
ceptively simple, yet the procedure carries with it a higbrée of degeneracy.

Bulges are also identified as a 3-dimensional structuréltigges” from the disk
plane in thez direction. These structures are most easily identified geesh galax-
ies where bulging central structures are observed in themaprity of massive
galaxies |(Kautsch et al., 2006). A significant caveat, hameto studying bulges
in edge-on systems is that dust extinction from the diskiaamtly affects the
light of the bulge, especially in galaxies with smaller rggSecondly, boxy bulges
(Bureau & Freeman, 1999) which are the result of bars (Athsmalal 2005b) can
complicate the interpretation of bulge thickness. Two edg@alaxies could have
equally thick centers one with a boxy-bulge the other wittoand thick bulge,
which would be missed by blanket thickness cuts.

Kinematics can be used to identify a low-angular momentuioh laigher z-
dispersion structure at the center of a high angular mometiin disk. For ex-
amplel Fabricius et all (20114) show that kinematics of therimediate-type galaxy
NGC 7217 clearly separates into two components one with digpersion (the
bulge) and the second with low dispersion (the disk). Theseponents are con-
sistent with a photometric bulge-disk decomposition. ligesuch procedure could
be carried out on large numbers of galaxies in forthcomirtg deleases of SAMI
(Croom et al., 2012) and MaNGA (Bundy et al., 2014). Howeitsmot clear that

either survey has sufficient spatial or spectral resoluticapply this technique.

1.1.2 QOutline

Kormendy & Kennicutt's (2004) review and Athanassoula @0thake a strong
case that multiple types of bulges exist, and that this isljikeflecting different
channels of bulge formation and galaxy evolution. In thigew, we discuss the
identification of bulges of different types, attempting toyide practical means of
classifying bulges.
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NGC 4030 (Sbo) NGC 3351 (SBb)
Nuclear Spiral NuclearRin

NGC 4736 (Sab) NGC 2841 (Sb)
Nuclear spiral & bar Classical Bulge

Fig. 1.2 Examples of bulge morhologies are shown using optical imdigen HST. The detec-
tors and filters are NGC 4030: PC F606W; NGC 3351: PC F606W; M36: PC F555W; and
NGC 2841: ACS/WFC F435W. The white line in each panel reprissé kpc. There is an extreme
difference in these galaxies between pseudobulge morgiesi¢nuclear ring, spiral and bar) and
classical bulges. In cases such as this, morphologicahdgg of bulge types is relatively straight-
forward.

1.2 Identifying Pseudobulges with Morphology

There are multiple lines of reasoning that motivate the rmolggical distinction of
different bulge types. First, empirically speaking, résdfom Hubble Space Tele-
scope (HST) imaging surveys are quite clear that there is not onglsitype of
morphology that can be associated with regions of galaxagsihted by bulge
light. This is in contrast to the description of bulges giwenhe Carnegie Atlas of
Galaxies|(Sandage & Bedke, 1994), in which bulges are destds having no ev-
idence of a disk or “pure E” morphology. The presence of $gtraicture (see, for
example, Fig[T]2) is in stark contrast to this definitionthié structure exhibiting
the spiral, ring, or bar pattern is dominating the light tittlea classifier can be fairly
confident that the dynamical state of the system better tefieat of disk kinemat-
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ics than that of an elliptical galaxy. Morphology is thenefa physically motivated
classification. However, we have to remind the reader of thelpm in identifying
such a disky structure as a distinct component as opposedttbging the physical
state of the central disk.

From a certain point of view the simplest means of identifybulges of dif-
ferent types is morphology. The main requirement is sufficgpatial resolution to
identify small-scale features. Data from HST has made thisrg straightforward
process in which high quality identification of featuresligpiral structure can be
done on nearby galaxies:(50 Mpc). Typically, in this practice the user identifies,
by-eye, features that are associated with disk morphokugh(as spirals, rings, and
bars) inside the region where the bulge dominates the lifjtiteogalaxy. System-
atic studies comparing morphological bulge classificadibdifferent wavelengths
would be useful. It stands to reason that broadband photgraetvavelengths in
the middle of the optical spectrum (i.to 1) are best suited. If the filter is too blue,
the light becomes too sensitive to dust effects. Althoughas been shown that
the morphological features identifying pseudobulges agsgnt in near-IR images
(Fisher & Drory, 2010), these features become difficult ®adonger wavelengths
(eg.JHK bands).

Results from HST reveal that the centers of relatively ‘earpe” galaxies (Sa-
Sb) frequently contained spiral structure and show litdielence of a smooth fea-
tureless bulge (Carollo et al., 1997). In Hig]1.2, top lefbel, we show an example
of nuclear spiral morphology. In this example, NGC 4030,gpigal is face-on and
quite easy to identify. When present, the spiral structtegdently extends through-
out the entire bulge, and reaches to the very center of thgelrelyion. In the cen-
ters of later type galaxies, such dusty spiral and non-smaatrphology becomes
much more common than smooth, round bulm @)201 very nearby
galaxies, e.g. NGC 5055, the presence of spiral structatesttiends all the way to
galaxy centers was recognized as early as 1961 in the Hukhllal&al)
Buta & Crockerl(1993) identify a sample of nuclear spiralsahitihey call pseudor-
ings, placing first estimates on sizes (typical diamatersbkpc). The advent of
surveys from HST make it clear that nuclear spirals are vemon in Sa-Sm
galaxies|(Fisher & Drory, 2011). Fisher & Drory (2008) irduae a secondary cat-
egory of spirals referred to as nuclear patchy spirals. &laes almost exclusively
found in later type (Sc-Sd) galaxies with very small bulges.

A “nuclear ring” is a ring of stars and/or intense star forimatfound in the
central region (radius: 1 kpc) of a disk galaxy (Buta & Crockér, 1993; Buta €t al.,
@). Nuclear rings are often relatively easy to identfyl they are typically very
bright due to their large star formation rates. Nuclearsiage separate from “inner

rings” that are commonly found at the end of bars (de Vauaoslet al., 1991).
Nuclear rings occur in roughly 20% of spiral galaxies (Kna®9005). Galaxies with
nuclear rings are very likely to be barre on et &1L Knapen, 2005). In

Fig.[1.2 we show an example of a prominent nuclear ring in #arloy disk galaxy
NGC 3351/ Buta & Crocker (1993) identify galaxies with bothctear rings and
“pseudo-rings”. A pseudo-ring is when the ring is not fulred, and does not
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extend 360 degrees around the galaxy center. In fact, it maynonly refer to
nuclear spirals.

Studies focusing on barred spirals find that secondaryédgbtrs are frequent
(Erwin & Sparkel 2002; Erwin et l., 2004). As many as 40% ofS20yalaxies with
bars contain a secondary bar, extending to radii of 0.2-0c8 Kany of the studies
on secondary bars focus on early-type galaxies where thézes dust and the bars
are easier to identify. Secondary bars in later-type gataare easily obscured by
dust, and often hard to identify for that reason. Even in wcobred galaxies, it is
useful to over-plot isophote contours of the galaxy to idgmiuclear bars (as out-
lined by Erwin & Sparke 2002, also Erwin 2004). In Hig.]11.2ttbm left panel) we
show a galaxy with both a nuclear spiral and a nuclear barbahés aligned north-
to-south in the image. A number of simulations focus on thengion of galaxies
with nested bars (Heller etlal., 2007; Debattista & $hen.72@hen & Debattista,
M). These simulations generally find that the nucleas bes rapidly rotating
structures that form easily within barred disks.

Classical bulges are morphologically identified, in thealdease, as having
smooth centrally peaking isophotes that do not show anyeewie of disk-like struc-
ture such as those described above. In[Eid. 1.2 we show NGC&84n example.
In the image the smooth classical bulge is seen in the cemtdrat larger radii the
effects from the disk become apparent. The presence of sgtneten, indicating
dust and gas, does not preclude a system from being a cldssiga; however in
classical bulges when defined by morphology, such dust is @atminant feature,
nor is it embedded in a spiral pattern.

There are a number of caveats associated with morphologassification of
bulge types. Using morphology as a means of identifying [@layly distinct phe-
nomena is an inherently biased process by the person darigehtification. Two
individuals can come to different conclusions about what is not a spiral pattern,
or just a wisp of dust. Even with HST data, morphological sifésation is only
possible at very low redshifts< 0.05. Finally, in the absence of Galaxy Zoo type
of analysis (e.g. Lintott et al., 2011) morphology is not anitative science; this
limits both our ability to interpret the meaning and also pplg such analysis to
large samples of objects.

Combining all disk-like structures (nuclear rings, nuclspirals, and nuclear
bars) into a single category of “pseudobulges” makes thenagson that these ob-
jects are linked. The conditions under which nuclear rirggenfare likely different
than that of a secondary bar, nonetheless, the unifyingeguns that all three are
structures that are associated with disks. Furthermoeegetls no significant dif-
ferences between the bulge Sérsic index, bulge-to-tatal or half-light radius of
bulges with these structures (Fisher & Didry, 2008). Thersjest difference ap-
pears to be between classical bulges and the rest of bulgehwlogies.

In spite of the many caveats, morphological identificatibbuge types seems
quite useful. Bulges identified as pseudobulges using nubogly are more actively
forming stars/(Fisher, 2006), have more disk-like kinenstEabricius et al., 201.2),
and occupy a different location in structural parametecsigisher & Drory, 2010)
than classical bulges. These correlations will be disaissenore detail in subse-
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guent sections, since their existence does establish yhayd classification can
accurately mark important distinctions.

1.3 Structural Properties of Bulges: ®rsic index, Scaling
Relations, and Shape of Bulges

Structural parameters returned from bulge-disk decomipasican be a very pow-
erful means to identify pseudobulges. In theory, bulgé&-decomposition software
can be run on very large numbers of galaxies. If one can rhybidgntify bulge-
types from the properties in decompositions alone, it is gteaightforward to gen-
erate strong constraints on the number of bulges of eachitypiéerent environ-
ments. In practice, this procedure is complicated by inftedegeneracies in the
decomposition procedure.

The process of bulge-disk decomposition assumes that died surface bright-
ness profile (r), of a galaxy can be described by a linear combination of alsmal
number of component structures, such th@) = lpuge(r) + ldisk(r) + lothedr),
where lpyige and lgisk describe the bulge and disk, aigher describes any other
structure in a galaxy.

There are a few systematic sources of uncertainty that dhmutaken into ac-
count to derive accurate parameters from bulge-disk deositipns. First, a well-
known problem is accounting for galaxy structures that aither bulge nor an
exponential disk. Most commonlyi,erdescribes light from a bar, but could also re-
fer to rings, nuclei, or bright star forming spiral arms. Naiting a bar into account
when modeling the light profile leads to systematic effestich as overestimating
the bulge-to-total ratioR/T) by as much as a factor of two, and also systematically
overestimating the value of the Sérsic index (Gadotti,&2®dsher & Drory] 2008;
Laurikainen et al., 2006). If the galaxy has a central poinirse, either AGN or
nucleus, this must be accounted for as well or else the redumodel will have an
artificially large Sérsic index an/T.

Resolution is a crucial parameter for determining accusé&tesic model param-
eters of bulge-disk decompositions. If the bulge is of thxe sif the resolution ele-
ment, information on the size (half-light radius) and shé@érsic index) are com-
pletely untrustworthyl (Gaddtti, 2008; Fisher & Drbry, 2006&adotti (2008) sug-

ests that at least 80% of the half-light radius must be '&&y esblFisher & Dror
) find that in order to determine accurate Sérsic gxlaf galaxies with small
B/T, a resolution of 100 pc is preferred.

1.3.1 Using @rsic Index to Identify Bulge Types

Typically, bulge-disk galaxies are decomposed using thesi8 function [(Sérsic,
1968) to describe the bulge. In this model the radial lightfife in units of
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mag arcsec” of a galaxy can be described as

r 1/np
(E) —11 , (1.1)

wheren, is the Sérsic index of the bulge; represents radiuse is the radius
containing half the light of the bulgey(re) is the surface brightness af, and
b, = 2.17n, — 0.355. The above formula, known as the Sérsic funct'ers
), has been shown by a humber of authors to describe &pe = elliptical
galaxy profiles quite WellmMQ@. The case okssi8 function with
n, = 1 is equivalent to an exponential, commonly used to descligles. The case
of np = 4 is equivalent to the de Vaucaleurs profile used histosicalt E-type
galaxies. There are a number of detailed discussions of@&h&cSunction and its
properties; for further reading see Graham & Driver (2005).

The Sérsic index of bulges is now widely used as a means migebulﬁes,
based largely on its correlation with other bulge proper{eg. Y,

). The first evidence came from early surveys of bulg&-decomposition in

which it was clear that many bulges are better fit by doubl@agrptial profiles than
by a traditional de Vaucaleurs profile (Andredakis & Sande®94] Courteau et al.,
1996). This was eventually generalized to show that all ésilare better described
using the Sérsic funciton (Andredakis et al., 1995), arad diter-type galaxies tend
to have lower values af,. Results using HST images find that bulges with disk mor-
phology are more likely to have shallow, more like exporednsurface brightness

profiles (Scarlata et al., 2004).

Using ~100 galaxies with HST imaging, Fisher & Drory (2008) comptire
morphology of bulges to the associated bulge Sérsic indmx fdetailed bulge-

disk decompositions. They find that there is a clear bimoddtidution of Sérsic
indices in galaxies. To reduce uncertainty in the Sérsiexy the authors created
composite surface photometry using HST data to measureutifi@ce brightness
profile of the inner 10 arcsec, and a set of deep wide-field @adg measure the
surface brightness profile of the outer parts of the galaxsirfalar procedure is
discussed in Balcells etldl., 2003 and Kormendy &t al. (2008 result is a surface
brightness profile that covers a very large dynamic rangedius, and is thus able
to reduce uncertainty in Sérsic index, and better brealddgeneracy betwean
andre (Graham et all, 1996). These decompositions reveal thatd@4lges with
morphology that indicates a pseudobulge (as describe@ iprévious section) have
np < 2, and all classical bulges and elliptical galaxies haye- 2. The authors
followed up on this result with a larger sample of galaxiethwiear-IR photometry
(still combining HST and in this case Spitzer IRAC 3t6; Fisher & Drory| 2010).
The result is the same, all classical bulges are found to awe? and over 90% of
pseudobulges havg < 2.

To double check the correlation of bulge Sérsic index witfhlresolution bulge
morphology we compile a sample of 308 galaxies that have poftished bulge-
disk decomposition and also have data in the HST archive fubinh we can de-
termine the morphology of the bulge. The sourceswére Fisher & Droryl(2008,

Mbulge = H(re) + bn
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Fig. 1.3 The distribution of bulges Sérsic indices from a sampleQ& Bearby bulge-disk galaxies
with both published bulge-disk decompositions and avigiaata in the HST archive for bulge
morphology diagnosis. The distribution ofyge in galaxies with classical bulge morphology
shown to be clearly different than that of pseudobulges.

12010, 2011); Fabricius etlal. (2012); Fisher etlal. (2013urikainen et al. (2010);
Weinzirl et al. (2009). In the case of overlapping galaxi@stake the result that is
based on the finest spatial resolution, though typicallysiiread in Sérsic index is
not large,Any < 0.2. In a few galaxies~ 10) the spread imj is large,Anp > 1.
We drop these galaxies assuming that the Sérsic index idypoanstrained and
not trustworthy. The total sample combines decompositfom® three indepen-
dent fitting procedures (described!in_Fisher & Drory, 200&in¥irl et al., 2009;
lLaurikainen et dl/, 2010), and contains 106 S0-S0/a, 71bS&ASb-bc, 61 Sc-cd,
10 Sd-dm galaxies.

In Fig.[1.3 we show the distribution of Sérsic indices in tdwenbined sample.
There is a clear correlation between bulge type and Sémexi The choice afi, =
2 as the dividing line is not arbitrary, but rather is justifley the coincidence of this
value with the turnover in the two distributions. This isarlg evident in the figure.
The sample contains 102 classical bulges and 87% of thossicd bulges have
np > 2, conversely in the sample we identify 205 galaxies as lyggpgeudobulges
and 86% of these havg < 2. If we consider only those galaxies with Hubble type
Sa and later, the frequency of classical bulges wigh< 2 drops to 7%, and the
frequency of pseudobulges with larger Sérsic indgx{ 2) becomes only slightly
lower, 11%. We note that although not completely devoid & &0 galaxies have
significantly less dust and gas (Young et al., 2011), theeeidentifying features
such as nuclear spirals is much more difficult in these gefaxi

In addition, if we restrict the sample to only those galaxig®re the resolution
is better than 300 pc, the correlation becomes strongehdimproved-resolution
sample, we find that only 6% of the classical bulges have lensi§ index and
roughly 9% of pseudobulges have high Sérsic index. If wéugbechoth SO galaxies
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Fig. 1.4 The above figure, adapted fram_Fisher & Dfary (2010), shovescitrrelation of bulge
Sérsic index with structural properties of bulges. Thera ¢lear and distinct break in these corre-
lations at Sérsic index af, = 2. This break is consistent with a picture in which bulgeswarger
Sérsic index i, > 2) are physically similar to elliptical galaxies, and thasith smaller Sérsic
index (p < 2) are a different class of object.

and those galaxies that are poorly resolved, the correlatiproves still. In this
case only 4% of classical bulges haye< 2.

Exactly at what resolution the use of Sérsic index becomesliable is difficult
to say. Nonetheless, even with the very loose cut applied Weralready detect a
difference in Sérsic index. As mentioned above, fittings®efunctions to galaxy
light profiles is a very degenerate procedure. If a bulge diamapproaches the
beam width of the data set, clearly using Sérsic index tgribae bulge types would
be unreliable in this scenario. Thus, if bulges are typjcal? kpc in diameter, then
surveys using SDSS only to measure bulge properties shatléxtend beyond
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z=0.03 or a distance 0£120 Mpc, in which a seeing of 1.5 arcseconds would
allow for a few resolution elements to sample the bulge.

We remind the reader that this correlation is an empiricailiteBroadly speak-
ing, the observation that pseudobulges would have neaggreential surface bright-
ness profiles, and thus be more similar to what is observedisksdis consistent
with the general observation that pseudobulges are disk-Yet, the physical rea-
son that such a sharp dividing line in Sérsic inderiat 2 exists separating bulges
of different morphological types, is not well understoodrthermore, the exact dis-
tribution of Sérsic indices for pseudobulges and clasbiclges is hard to establish
for multiple reasons. First, if classical bulges and eltigitgalaxies are truly a single
class of object, then ellipticals should be included in amgigsis of surface bright-
ness profiles. Including early-type galaxies would lead twergalaxies with larger
Seérsic index (Caon et lal., 1994; Kormendy etlal., 2009; Blaet al., 2005). Sec-
ondly, galaxies in which both a pseudobulge and classidgkbare present would
complicate this analysis. Such systems have been estirtatadke up~10% of
bulge-disk galaxies (Fisher & Drory, 2010). Thirdly, it igfatult to compile large
samples of unbiased pseudobulge identification methodatéandependent of the
Sérsic index. Nuclear morphology enabled by the HST aechid Sérsic index are
the most widely available sources of pseudobulge detedtiandifficult to obtain,
for example, kinematics with sufficient spatial and spéataolution on a large
number of galaxies. Also, as we will discuss later using fetanation rates and/or
stellar populations is subject to biases in the detecte@sys

The correlations of structural properties with Sérsieixdhow a distinct change
atnp = 2|Fisher & Drory (2008, 2010). In Fig_1.4 we show the coriekabf bulge
Seérsic index with half-light radius and effective surfdméghtness. Bulges with
np > 2 show behavior consistent with that of E-type galaxied,itht@ say a positive
correlation between galaxy size (or luminosity) and S&rgiex (e.g. Graham etlal.,
11996 Khosroshahi et Al., 2000; Kormendy et al., 2009;¢iaBarroso et al., 2011).
Bulges withnp < 2 do not participate in these correlations, and in fact shéaclka
of scaling relationships between and other structural quantities. This is clearly
evident inre — ny parameter space.

In following sections we will discuss in more detail the @ations of bulge
Sérsic index with kinematic, interstellar medium, andlatepopulation properties
of bulges. Bulges withy, < 2 are observed to have higher fractions (and surface den-
sity) of gas |(Fisher et al., 20113), that is more actively fm‘rgnstarsl
2009;| Gadotti| 2009; Fisher & Drdry, 2010), and has more -tligk kinematics

(Fabricius et dl., 2014) when compared to bulges with> 2. These results, and
those in FigCLW¥, suggest that the Sérsic index is seadibiphysical differences
between bulge types.
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Fig. 1.5 Here we show the relationship af e > —re for bulges (red & blue squares) and elliptical
galaxies (black circles) using data from composite profieldST/NICMOS, Spitzer 3.6tm and
2MASS data (the magnitude scale is set to matchu@6scale) from Fisher & Drohy (2011.0) (left),
and SDSS [Gadotii [2009) (right). In both cases we show a correlatibtofthe ellipticals (solid
line) and a line set to contain the spread in elliptical ga&lsaxXdashed line). The results of these
studies are essentially consistent, there is a significaptilption of bulges that deviates toward
lower surface brightness from this projection of the fundatal plane.

1.3.2 Differences in bulge types fundamental plane paraeret
space

Elliptical galaxies follow a very well-known set of corrélans between surface
brightness, radius, and velocity dispersion, known as fli@adamental plane”

' i i5,01987] Faber etial.. 1989: Kormendy. 187 Bender etal.,
@). These relationships are derived from the assumtianelliptical galax-
ies are virialized systems, with small - but significant -id&ens corresponding to
variation in mass-to-light ratios and the non-homology wéls galaxies. Because
simulations predict that structural scaling relationg ltke fundamental plane are
likely to emerge through the merging processes that foriptieihl galaxies through
violent relaxation (e.g. Boylan-Kolchin etlzl., 2006), ibuld seem reasonable that
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if pseudobulges, which are more disky, form significantfjedently than elliptical
galaxies and classical bulges they would not necessarilymcthe same correla-
tion.

There is, however, a danger to using the fundamental plangetdify bulge
types. There is no independent theory that predicts theitotaf pseudobulges in
these correlations, and there is nothing to say that in icept@jections of funda-
mental plane correlations pseudobulges and classicaébwiguld not overlap. We
will continuously argue throughout this review, there does seem to be a single
ideal way to identify pseudobulges and classical bulgeprehensive approach
that combines multiple indicators of bulge types is therefmlled for.

@b) shows that the centers of spiral galaxiettitwatain pseudobulges
have lower surface density than classical bulges. Theitotaf bulges in projec-
tions of the fundamental plane is studied with larger sampking full bulge-disk
decomposition in_Gadott| (2009) and also_Fisher & Drory @0Both of these
works find results that are consistent wiith Catollo (19984t s a population of
bulges with lower surface brightness than correspondiifgiebl galaxies of simi-
lar size or luminosity.

In Fig.[T.B we show the relationship betweenue > andre (Kormendy| 1977a).
The data set we use in this figure is taken fiom Fisher & DrofA(® (left pan-
els) and Gadotti (2009) (right panels). The data set frorefi& Drory (2010) is
considerably finer spatial resolution and uses near-IR léataaffected by varia-
tions in mass-to-light ratios and extinction. nmt sample is a much
larger, uniformly selected sample of nearly?*Ifalaxies from SDSS, and therefore
offers a statistically sound data set. Both of these stuitidsessentially the same
result, a significant fraction of bulges deviates toward &uface brightness. Fur-
thermore, those bulges that deviate from this relation arelnmore likely to have
low Sérsic index. Based on these results, reproduced I it is clear that if
a bulge deviates significantly toward low surface brighsnteem thy
(1977b) relation, then this is strong evidence that thigéig a pseudobulge.

Identifying bulges as classical bulges because they arsistent with the<
Lle > —Te relationship, however, is less robust. Gadotti (2009) mdmkiges con-
tained within the spread of the Kormendy (1977a) relatiodassical bulges. They
argue that at least in this parameter space, these bulgetracturally similar to
elliptical galaxies. This makes the assumption that othgsjzal processes cannot
make a bulge with similar values of surface brightness azel gibsent a result from
simulations, we cannot know if that assumption is true.

We can look at the properties of those bulges that are censistith the
Kormendy (1977a) relation to determine how homogenous ssdhey are. In
Fig.[1.6 we show the distribution of.&8— 8.0 um color (Fisher & DrorLI/JMO)
and [,(4000) (Gadotti, 2009) for the bulges that are consistetit thie Kormendy

) relation. Larger values of63- 8.0 um color imply more active star for-
mation per unit stellar mass. Smaller values q{4D00) imply younger stellar pop-
ulations; for display purposes we plot the(B000) values in reverse order, so in
both panels younger, more star forming systems are on theside of the panel.
In both samples it is clear that selecting bulges only by tleation in< e > —re
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Fig. 1.6 The above figure aims to examine the properties of bulgesatieatonsistent with the
< U > —T¢ relationship shown in Fig.1l.5. The left panels show distiitn of 36 — 8.0 micron
colors from Spitzer IRAC data, measured_in Fisher & Droryl@0 Higher values of % — 8.0
indicate, roughly speaking, larger specific star formatiates. The left panels show,2000)
values for bulges (excluding E galaxies) from Gadobtti (20@8naller values of 4000) indicate
younger populatios. Note that we have inverted the x-axi3,(4000) so that in all panels younger,
higher star forming bulges are on the right side of the pafiet grey shaded region shows the
distribution for the entire sample. The green line represalh those bulges that are consistent with
the < Ue > —re relationship. The blue line is those bulges that are cagrgistith the< e > —re
and haven, < 2. The red line shows the distribution for bulges consisteitit < pe > —re and
haven, < 2.

parameter space does not uniquely separate bulges. Inttbelqmanel we show the
combination of using both the Kormendy (1977a) relation anés selection crite-
ria for bulge types. In the Fisher & Drory (2010) sample thisrencleanly identifies
classical bulges as non-star forming systems.

In summary, using the fundamental plane as bulge type d&igprzarries certain
caveats. If a bulge significantly deviates toward lower atefbrightness from the
IKormendy (1977a) relationship betweerpe > andre, then this is strong evidence
that that bulge is a pseudobulge, based on studies of itfostaation rate, Sérsic
index, and nuclear morphology. However, if a bulge has patara consistent with
the fundamental plane, from an empirical point-of-view vemmot say what type
of bulge this is. For example, if the aim of a study is to iselatsample of bulge-
disk galaxies that resemble M 31 (a prototypical classiofyd), then usingc pe >
—re alone is clearly insufficient, and as we show in Fig] 1.6 thethod selects a
number of star forming bulges. Also, Fisher & Droty (2010pwshthat a number
of bulges that are consistent with the Korméndy (1977aYiceiahip have nuclear
morphology that, unlike M 31, resembles a disk.




16 David B Fisher and Niv Drory

1.4 The interstellar medium and stellar populations of
pseudobulges and classical bulges

Historic work concluded that bulges are uniformly old anslalé of star formation
(e.g/Whitforéi| 1978). This led to the widely held view théltaulges are old and
inactive. This turns out to be true for some bulges, but itdsuniversally true by
any means. For example, in the prototypical classical bofdé 31, the dust SED
is consistent with being completely heated by the old stard,shows no evidence
for new star formatior.(Draine et/dl., 2014), and also thiestpopulations indicate
a uniformly old population of stars, with mean ages above $2 I.,
). However, work in the last 15-20 years shows that marhyels contain cold
gas, actively form stars and can have short mass doublingstiand often have
intermediate-to-young light-weighted stellar ages.

IPeletier & Balcells 6) show that some bulges are indese §lue, and that
|n general bules have similar optical colors as the sudmgndisk. Similarly,
|(2001) finds using interferometric observatmfiCO(1-0), that some
bulges are as gasrich (frdmgo-to-Lk ratios) as the associated outer disk. In the past
10 years data from Spitzer Space Telescope, GALEX UV tefescand CO inter-
ferometry from BIMA, OVRO, CARMA & PdBI have greatly improdeour ability
to measure star formation rates in bulges. We can now robsesylthat specific star
formation rates and gas fractions in the bulge region of megalaxies are often
very high (Sheth et al., 2005; Jogee €t lal.. 2005; Fisher6;2BBher et dl., 2009;

Fisher & Drory,| 20111| Fisher et al., 2013). Also, bulges camtain young stel-
lar populatlonsL(Q_adQ_tIL&_dQ_s_Ambb._Zﬂdl._MaQAﬂhuLdt | Peletier et al.,
2007]Ganda et al., 2007). See dlso Kormendy & Kennicutt4Pasr a review.

From a physical perspective it makes sense that pseudabutydd be system-
atically younger with more active star formation than dieeisbulges. The present
model is that classical bulges formed in the early Univesgber through merging
(Aguerri et al., 2001; Robertson et al., 2006) or as the tefutlumpy disk insta-
bilites (Noguchi/ 1999; Elmegreen et al., 2008). The forimezome less frequent,
and the latter are extremely rare belaw 1. Conversely, galaxies with pseudob-
ulges either did not experience these processes, or theysignrifcantly less pro-
nounced, the resulting galaxy was able to evolve secularljohg periods of time
and still does. Some of them still contain significant amafrgas to fuel internal
evolution of the bulge. Also, the presence of a classicajduiay in fact stabilize a
galaxy against star formation, and especially the secofw of gale.,

). This process known as “morphogical quenching” mayoainforce a cor-
relation with bulge structural properties and bulge stamfation rates.

Before going on, we must point out a simple, yet critical,eztto using stellar
populations, star formation rates, and gas fractions tetifyéng pseudobulges. Gas
stripping by cluster environments (as described by Kenney£2004) can shut
down star formation in a galaxy. If such a galaxy had previofermed a pseu-
dobulge, that bulge would quickly appear inactive and olldoAsimulations show
that pseudobulges can form in dissipationless systemsatbsta et al., 2004). It is
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therefore important that one should not use the absencardbsmation alone as a
reason to suggest a galaxy does not contain a pseudobulge.

To be clear, when we refer to “bulge” star formation rates gasl masses what
we really mean is the star formation rate (or gas mass) inls@eegion of the galaxy
where the bulge dominates the Iiht Cold gas, and thusataration, happens in
a thin disk (Garcia-Burillo et all, 1999) of scale height<0fl00 parsecs. Bulge-
disk decompositions, however, do not typically considertttickness of the bulge.
Indeed, the thickness of pseudobulges is very poorly caingtd. Some are likely
very thin (as argued HL_KE?M 93), however, given treraon presence of
resonant phenomenai it is likely that many are thickenetieljoal is to understand
how properties of the bulge evolve, however, then compatiegentire mass (or
luminosity) of the bulge stars to the entire rate of star fation in a bulge seems
appropriate.

1.4.1 A brief aside on measuring star formation rates in belg

The measurement of star formation rates in galaxX$€<R, is typically done by
means of a tracer of the amount of young stars present. Tidshées greatly ad-
vanced in the past decade Kenniclitt (1998); CalzettileRa0T); Kennicutt et al.

(2009); Leroy et &l. (2012); Kennicutt & Evans (2012). Besmthe emission from

O and B stars heavily dominates the UV spectral range, itaggttforward to argue
thatSFR [0 Lyy . The calibration of such a relationship can be found in Saliral

@). For bulges, data from the GALEX UV space telescopeeit suited to re-
solve~ 1 kpc in galaxies within 40 Mpc. An alternative approach is$e emission
from HIl regions, typically this is done using theoHlux, assuming in this case that
SFROLyg.

A difficulty to estimating the emission from young stars igttldust absorbes
UV/optical emission. This is especially important for galaenters (i.e. bulge re-
gions), which experience more extinctidn_(Peletier e{E999; MacArthur et l.,
2004). In fact, we know from studies of our own galaxy that féamation can oc-
cur in heavily obscured regions (for review E\_J:ﬁ@%,rl{autt & Evans| 2012),
and therefore much of the light may be missed in optical olisgrcampaigns.

One way to overcome the effects of extinction would be to mesthe flux of
a Hydrogen emission line in the near-infrared range (e.ga Ranission). How-
ever, such measurements can be difficult to make, and areloftesignal-to-noise.
Alternatively, data fronBSpitzer Space Telescope allows us to directly probe the re-
radiation in the infrared of the energy absorbed by the dushé UV/optical, for
example using emission at 24n (Calzetti et all, 2007). A common approach in the
current literature is to combine different star formaticacers (e.gﬁmal.,
M) to account for both the unobscured star formatioeéttdoy UV or Hx) and
the obscured star formation (traced by infrared emission).

The 8 um emission is dominated by polycyclic aromatic hydrocash(wften
called PAHS). At present, and with respect to measuring tbpeggties of bulges, a
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significant advantage of @Bm maps available from Spitzer is that they have signifi-
cantly finer spatial resolution (beam size of Spitzer IRAQr8 data is~ 2 arcsec,
roughly 3 times better than 24m maps with MIPS). However, flux from the 8n
emission is not reliable as a direct, one-to-one, indicatdhe star formation rate.
ICalzetti et al.|(2007) show that the correlation betweertinanm-corrected §im
flux and Paa flux depends on both environment and metallicity. In lightto$, we
limit our use of PAH emission to mostly an on/off metric ofiaity, separating star
forming bulges (bright & emitting bulges) from non-star forming systems.

A second issue in measuring star formation in galaxy bulgdksé contamina-
tion of the metrics of star formation by old stars. Old steff@apulations make a
measurable contribution of light at UV wavelengths and lem@n overestimate
of the star formation rate (e.g. Cortese étlal., 2008). Atéo,stars can heat dust
and thereby increase the 24n flux. These problems are especially pronounced
in bulges where the surface density is very high. In this ¢heeflux in tracers
used to probe star formation is actually a combination oftrdomtions from old
and young stars. Leroy etlal. (2012) study this in galaxysiiskmodelling the dif-
fuse emission. They find that typically roughly 20% of the g$ion at 24um can
be atributted to evolved stellar populations. Fisher e(2013) investigate bulges
specifically and find similarly that in typical star forminglges the star formation
rate is decreased by roughly 20% when accounting for olthstgbpulations. Both
ILeroy et al. (2012) and Fisher et dl. (2013) show that thisaffs stronger in re-
gions of low star formation. Fisher et al. (2013) also shaagsexpected, that this
effect is more pronounced when the surface density of gt is higher. For ex-
ample, in the bulge of M 31, Draine etlal. (2014) find that etayall of the dust
emission is accounted for by heating by stellar populations

1.4.2 Active star formation and more gas is strongly corridd
with bulge types

Though there is a long history of evidence that many bulgesaatively forming

stars, and that star formation is likely significantly aligrthe stellar structure of a
bulge (Kormendy & Kennicutt, 2004, for review, and outliregabve)(], direct com-

parisons to bulge classifications began mostly recentlyerdegal summary is that if
a bulge is star forming, statistically speaking it likelyshather pseudobulge prop-
erties (e.gnp < 2, disky nuclear morphology). Conversely, if a bulge is nat s
forming it can have a large mix of properties, consistenhulie discussion above.
Also, a small subset of galaxies have star forming centeitsjliecent disks; these
systems also have large bulge Sérsic index. A plausibleasteto explain these
systems could be the recent accretion of a satellite diréuth the galaxy center

(e.%. Aguerri et dll, 2001).
r|(2T_Q|6) uses data from Spitzer Space Telecope anarElST data to

directly compare the morphological diagnosis of bulge $yfmethe 36 — 8.0 um
color profiles of galaxies with pseudobulges and those withsical bulges. In this
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Fig. 1.7 The above figure compares the specific star formation ratéofbganel) and gas surface
density (top panel) of bulges to the bulge Sérsic indexalzae taken from_Fisher etlal. (2009);
Fisher & Drory (2011); Fisher et al. (2013). The verticaklrindicate the commonly used pseudo-
classical bulge dividing line ofi, = 2, the vertical lines are set to guide the eye $5R/M =
10" yr andSgas= 75 M., pc2.

case, I — 8.0 um color is a very rough proxy for specific star formation rag(
formation rate divided per unit stellar mass). They find thaalaxies with classical
bulges, the color of the disk indicates active star fornmgtimwever there is a sharp
break near- 1 kpc where the color profile transistions to a non-starfagiiulge. In
contrast, there is no such transition in galaxies with pebuljes. The pseudobulge
is forming stars similarly to the outer disk. Fisher & Dro®0(0) follow this up by
calculating the 3 — 8.0 um color for~180 galaxies, and study other indicators of
bulge type (morphology, Sérsic index, apg—re). They find that if a bulge has
mid-IR colors satisfying $ — 8.0 > 0, then that bulge has properties that resemble
a pseudobulge (eg. long).
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In Fig.[1.2, we compare the specific star formation rate arslsyaface den-
sity of bulges to the bulge Seérsic index, using data fromhéiet al. [(2009),
Fisher & Drory (2011), and Fisher etlal. (2013). The resuéieetre-iterate the re-
sults of these papers. In both panels, it is clear that astaeformation and high
surface densities of gas are exclusively found in bulgels loitv Sérsic index. It is
worth pointing out that there is rebpriori reason that the bulge Sérsic index would
correlate with the bulge gas density; a similar correlaisorecovered if one mea-
sures bulge gas density with a fixed radius (e.g. 500 pc) aoddfuses the bulge
radius as done here. These correlations imply that the aspeof bulge types is
likely tied to a physical distinction. The results in HigZtontinue to motivate that
the separation of bulges into at least two categories igrmitive to the physics of
galaxy evolution.

Using the star formation rate (or gas surface density) ofgebalone to identify it
as a pseudobulge or classical bulge is, statistically Spgakomewhat ambiguous.
8% of bulges that have active star formation (define®@R/M > 1011 Gyr1)
also haven,, that is significanlty larger (considering error bars) timgn= 2. A sim-
ilar result is true when consideringyas> 75 Mg pc2. Therefore, if one discovers
that a bulge has a very active gas rich center, this is streigece for that bulge
being a pseudobulge. However, it is clear that when the stardtion or gas density
is low, one should not infer the bulge type. We recommendgusiar formation as
a “second tier” method for identifying pseudobulges andsizal bulges. For ex-
ample if other metrics give ambiguous results but the bidgery actively forming
stars one could then conclude the bulge is a pseudobulge.

1.4.3 Stellar population indicators and bulge types

Stellar population indicators in bulges show a wide ranggroperties (for a brief
review seé Peletief, 2008). The topic of stellar populatisnquite broad with a
large variety of techiques and results that could easilyt§ilown review. We will
concentrate on those results in which correlations, or titabie lack thereof, are
relevant as diagnostics of bulge type. There is no set dast@pulation parameters
that is typical of a bulge. As mentioned before, an overwlgymajority of studies
shows that the historic assumption that all bulges are tmifoold is simply not
supported by the data (elg. de Jang, 1996; Peletier & BalcEI95| Carollo et al.,
2001 Proctor & Sansdr, 2002; Moorthy & Holtzman, 2005).

There has been mixed evidence that optical color can be ssethaans of iden-

in pseudobulges. Early results were promising. Fameple| Peletier & Balcells
1996) found a large spread in ages of bulges, and that avstaliar age of bulges
correlates with that of disks (young bulges are in youngsjiskhis was confirmed
in a much larger samples by Gadotti & dos Anjos (2001); MabAret al. (2004).
ICarollo et al. [(2001) find that the averade- H color of exponential bulges with
disky nuclear morphology (i.e. pseudobulges) is bluer thahofr’/* bulges.
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Fig. 1.8 Distribution of B—V for bulges in thé Gadotti & dos Anjos (2001) sample of galaxie
(shaded region). The blue line represents those bulgestthadentified as pseudobulges and the
red line represents those that are classified as classicgd{by combining Sérsic index, nuclear
morphology and the Kormendy relationship). Though clagdalges are rarely found to be blue,
pseudobulges very often have red optical colors.
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Fig. 1.9 Distribution ofg—i for bulges in thé Gadott! (2009) sample of galaxies. The fihe
represents those bulges that are identified as pseudolaidebe red line represents those that are

classified as classical bulges (by combining Sérsic irmsiekthe Kormendy relationship).
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Studies of the color of larger samples of bulges suggesttkatgle broadband
color using optical or near infrared filters do not correlstengly enough with
other indicators of pseudobulges for reliable use. In[E@.vie show the distribu-
tion of bulge colors from Gadotti & dos Anjos (2001) (grey dhbd area). We also
cross-reference the sample from [Fig] 1.3 against 3 papechwbntain samples of
the same bulge color (Gadotti & dos Arjos, 2001; Mollenh@afio4; Fisher et al.,
MEl Pseudobulges are identified as bulges which have any ofotteving:
np < 2, nuclear morphology that resembles a disk, and/or lowasarbrightness
outliers frompe — re relation. The Gadotti & dos Anjos (2001) sample is shown to
ensure that our bulge classification sample is not signifigémased. The distribu-
tion of classical bulges clearly skews to the redder colsirsjlar tolCarollo et al.
). Blue bulges are far more likely to be pseudobulgesiéver unlike the pre-
vious methods of identifying pseudobulges there is not aifsignt range in this
parameter over which classical bulges are not found.

The lack of a strong correlation between bulge color and tgpikely not due
to sample selectiotmOQ) finds a similar resuihgig — i colors. In
Fig.[Z.9 we show the distribution of bulge colors for the 670gke-disk galaxies

from|Gadotti (2009). Fernandez Lorenzo et al. (2014) finaalar result with 189

galaxies, albeit the sample is biased only to include isdigialaxies.

\Gadotli (2009) also compare the stellar populations trBg&t000) (Kauffmann et al.,
M) to bulge types (determined from bulge-disk decontjposi). The break in the
optical spectrum which occurs at 408@ smaller for younger stellar populations
(Bruzual Al., 1988; Kauffmann et al., 2003, for descriptiee)s and is a good iden-
tifier of young or bursty populati0n09) findeed that pseudobulges
have on average smaller values qgf(000) and therefore pseudobulges are more
likely to be young, but again there is not a significant raing isolates one type of
bulge.

Taken all together, these results suggest that there terlois & preference for
pseudobulges to be bl average compared to classical bulges. This particular
subject could benefit from a work with both a well-defined aadjé sample of
galaxies that is well resolved. However, based on the datapttesently exists, op-
tical color on its own is not a reliable indicator of bulggpéy

Similar to the results from optical colors, studies of budges using more robust
techniques such as absorption line indices or spectrasegpthesis, return mixed
results (ser@OG and references therein for aigiigan of these tech-
niques). Proctor & Sansom (2002) shows that bulges are yayum average and
have fewer metals than early type galaxies. Both Moorthy d#foan (2005) and
Thomas & Davies (2006) find a wide spread in ages, and that ialges in later
type (Sb-Sbc) galaxies are quite dld. MacArthur étlal. (3G0®, similarly, that
the fraction of mass in bulges that was formed in the pastygigais quite small.
Zhao @12) uses the Sloan Digital Sky Survey to measuret#flarspopulations
of bulges in a sample of 75 isolated galaxies. Bulge typesliagnosed using both
Seérsic index and thge — re relation, and they find that on average pseudobulges

1 Fisher et al. (2013) use SD$S-r, which we convert t® —V via[Smith et al.[(2002) transfor-
mations.
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have more prolonged star formation than cIassiZI@i()Zﬁnd no classical
bulges that are younger than6 Gyr (mass weighted age), conversely roughly 30%
of pseudobulges are found to be younger than this. Howéweguerage age differ-
ence between the two populations of bulges is not very large.

Differences in stellar population indicators do exist bextw the bulges of dif-
ferent types. A particularly significant difference is falim the absorption line
indices of bulges (Peletier et/al., 2007; Ganda et al.,|200i8)well known that for
elliptical galaxies the Mg line index correlates well with velocity disperion (e.g.
Bender et dl], 1992). Peletier et al. (2007) And Gandd é2@07) show that many
bulges fall below this relation, especially those bulgethwow velocity disperion
centers and/or those bulges in late-type galaxies.
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Fig. 1.10 TheMgb— o relationship for elliptical galaxies and bulges. We hawtrieted the con-
trol sample (black dots) to only the E galaxies from the SABR&mple to ensure that no pseu-
dobulge galaxies are included. We take the bulge valuesifele d1[(2007) and Ganda et al.
(2007). Quantities for pseudobulges (identified with naclmorphology, Sérsic index and the
e — e relation) are plotted as blue points, and the red pointeegmt classical bulges. The dashed
line is offset 0.54 below the best fit relation (solid) line. Only pseudobulgesfaund below this
line.

In Fig.[IT.10 we show that a strong connection exists betwedgelktype and
absorption line indices, specifically Mg b and Fe5150. Fas flyure we show
the central values of pseudobulges, classical bulges dipticall galaxies taken
from a sample combining data from Ganda et ﬁzob 7); Reletial. [(2007);
Kuntschner et al| (2010). We have classified bulges usingeb8Ersic index and
bulge morphology. No classical bulge or elliptical galaxgshMg b<2.35 A,
conversely over 2/3 of pseudobulges have lower values.|G@eela et dI/, 2007;
IPeletier et all, 2007; Kuntschner et al., 2010 for a disamssf these Lick indices.)
Similarly, the lowest value of Fe5150 in classical bulged eliiptical galaxies is
3.97A whereas roughly 50% of pseudobulges are found below tiig.lAs we
show in Fig[1.ID, the Lick indices become particularly pdwewhen combined
with the velocity dispersion. In each panel the dashed §reeliest fit relationship to
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the E galaxies and classical bulges, the solid line repteserelation with the same
slope, yet offset down in Mg b such that it seperates pseudebuwand classical
bulges.

Based on this data set a bulge is a pseudobulge if it meetsfahg following
criteria:

1. Fe5150< 3.95A,

2. Mg b< 2.354,

3.AMgb< 0.7 A compared to th&1g— o correlation,
4. AMgb<0.7 A compared to thélg — Ferelation.

All low Mg b outliers to theMg — ¢ relation are also outliers to thdg — Fe
relation, but the reverse is not true. Conversely, thereargerapread in the classical
bulges inMg — Fe. We also stress that because the sample of bulges includes a
number of old SO galaxies from the SAURON survey, using thaske indices to
identify pseudobulges and classical bulges appears tolstragainst age. So it
seems that using both of these relationships together warull powerful tool for
identifying pseudobulges, especially in the near futureviich surveys such as
SAMI and MANGA will measure absorbtion line strengths forge numbers of
galaxies.

1.5 Identifying Pseudobulges and Classical Bulges with
Kinematic Properties

Kinematic measurements of bulges provided some of theesadvidence for the
dichotomous nature of bulges. Kormehdy (1982) points oat #ome bulges in
barred disks are kinematically more similar to disks thayséhin unbarred disks.
This kinematic similarity is indicated by the ratio of pealtation velocity to bulge
velocity dispersion, which is taken as a proxy of the ratid@fered-to-random
motions.” Indeed, use of thé /o — € parameter space can distinguish pseudob-
ulges from classical bulges, as shownlby (Kormendy, 1998yi€ady & Kennicutt,
2004; Kormendy & Fishet, 2008). However, these studies salyery small sam-
ples, fewer than 20 bulge-disk galaxies, and are thus difficicontrol. At present,
it is safe to say that bulges with values well above the “@bliaie” in theV /o — ¢
parameter space are considered to be rotating bulges, asdrdm a theoretical
perspective would be “pseudobulges”, but it is difficult Btimate empirically, us-
ing currently available data, how often a bulge that has lévsi index would also
be found in the “disk” region of th¥ /o — € diagram.

Central velocity dispersion alone does not completely ipaulge types. The
distribution of gy for a sample of~ 100 S0-Sc galaxies is shown in Flg._1.11.
To construct the kinematic sample we use data from publisbedces that have
sufficient velocity resolution to measure the central disjp@ of bulges @huge >
50 km s1), and also have sufficient spatial resolution to isolateatbsorption line
kinematics in the bulge regiomy;ge ~ 1 kpc) that also have available bulge-disk
decompositions from the sample used in [Fig] 1.3 of this revitle use velocity
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Fig. 1.11 Distribution of central velocity dispersions for galaxiegh publishedoy in the sample
from Fig.[1.3. As before, pseudobulges are indicated by shazled region, and classical bulges
by red. There is clearly significant overlap between the taroges.

dispersions from Héraudeau et al. (1999); Barth et al. Zp0Ganda et al. (2007);
IKuntschner et al.| (2010); Fabricius et al. (2012). In thisnparison we identify
pseudobulges as havimg < 2 or prominent disk-like nuclear morphology as de-
scribed earlier. Zhad (20 2) finds that the distribution emtecal velocity disper-
sions of pseudobulges is essentially the same when thefjfideseudobulges using
Seérsic index or with the Kormendy relation. On averageugdsbéulges have lower
central velocity dispersion than classical bulgesdp > pseudo~ 90 km s, com-
pared to~ 160 km s'* for classical bulges). There is a strong decline in the numbe
of pseudobulges witlw > 130 km s*. However, roughly~ 1/3 of the classical
bulges in this sample hawe < 130 km s1. It is for this reasorgy alone cannot
be used to statistically isolate all pseudobulges fromsatas bulges. When a bulge
has particularly high velocity dispersion ¢~ 130 km s1) then it is most likely a
classical bulge.

A large sample of uniform measurements of velocity disjpergireferably with
integral field spectroscopic measurements in bulge-dikkgess would have signifi-
cant value in understanding pseudobulge and classicat lputgperties, nonetheless
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the resultin Fig_1.71 does not appear to depend on the saBmI.
(2012) and Zhao (2012) find essentially the same result teaeport here.

IKormendy & Kennicutt|(2004) shows that bulges that are wutliers to the
[Faber & Jackson (1976) relation between bulge magnitudevelodity dispersion,
are likely pseudobulges. However, there is a significantuarhof spread in this
correlation, and similar to thge — re if @ bulge is co-located in parameter space
with this relationship it does not mean the bulge is a clas$ialge.
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Fig. 1.12 Here we re-plot a result frofn_Fabricius et al. (2012) thatshbow the radial profile
of the velocity dispersion in pseudobulges is much flattentthat found in galaxies with classical
bulges.

Significant correlations between bulge type and the radraicre of kine-

matics have been seen by a humber of authors (e.q. FaloGosBat al.| 2006;
Comeron et dll, 2008; Fabricius et al., 2012). In Eig 1. E2show the basic result
(in this case taken from_Fabricius et al., 2012) that gakwiéh classical bulges
have centrally peaking velocity dispersion profiles, whgataxies with pseudob-
ulges do not. For this result, Fabricius et al. (2012) idastipseudobulges using
Seérsic index and bulge morphology. This is consistent Withoverall picture of
classical bulges and pseudobulges. In this case a clabsiga is considered to be
a separate component from the disk, and the classical bsiidgnamically hotter
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than the disk. In the center of the galaxy the classical bdtgrinates the light and
the measured kinematics. At large radius the disk dominhtedight, and mea-
sured kinematics have lower dispersion. The intermedéadi show the transition
between these two regimes. Pseudobulges, conversely duameta hotter sepa-
rate component, they are often thought of simply as highaserflensity centers
of disks, therefore kinematically they do not break from bigdavior of the disk.
Fabricius et al.|(2012) quantifies the kinematic profile shejith the logarithmic
derivative d logo)/d log(r). The logarithmic derivative correlates well with bulge
type. Galaxies with classical bulges,(> 2 and E-type morphology) have more
negative values (i.e. more centrally peaking@)).

r@S) notes that all the bulges with central vigtatispersion minima
in the samples of Ganda et al. (2007) and Peletier et al. 28163 are low-Mg b
outliers (as described above). Comeron etlal. (2008) esuitie properties of so-
called o-drop galaxies (galaxies with a central minimum in veloaligpersion).
They find that dusty structures that would, in this reviewglassified as indicative
of pseudobulges are very common in these galaxies. The¥iatsa higher fraction
of circumnuclear star formation io-drop galaxies.

Fabricius et al.| (2012) shows that combinigo with metrics of the profile
shape can be very powerful for identifying pseudobulgesaxd@s with classical
bulges have low values &f /o and central cuspy surface brightness profiles. Es-
sentially the result is physically sound; if a bulge is doatéd by dispersion and
has a higher dispersion to the surrounding disk then it ioatralways a classi-
cal bulge. Conversely, pseudobulges are not found in the sagion of parameter
space. Fabricius et 'al. (2012) finds that outliers to this tehd to be galaxies that in
line-of-sight velocity distributions that these galaxiese multiple kinematic com-
ponents that are affecting the measurement of the shape gétbacity profile. The
drawback to this method is that it requires sufficient veloaesolution to measure
the kinematics of the disk, and therefore may be inaccessibkurveys such as
MANGA and SAMI.

1.6 Composite Pseudo-Classical Bulges

Assuming that galaxies either have only a pseudobulge assichl bulge is most
likely an oversimplification. Bulges that consist of bothhint starforming pseu-
dobulge and a hot-passive classical bulge are very likedggmt in some galaxies.
There has been very little work done on composite bulges iStdefinitely an area
that could use more work, though results, by the nature gbtblklem, are likely to
be difficult to interpret.

[Fisher & Drory (2010) argue that scaling relations can belusédentify some
mixed-case bulges. Bulges that are high mass or high subfagktness outliers
from fundamental plane scaling relationships are likelypéocomposite. In these
systems, a classical bulge is assumed to be on a scalingpneldr example the
Ue — re correlation of E galaxies. The pseudobulge component asa®the mass,
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without strongly affecting the value for the effective nasli They use models to
show that in the limit that the mass of the classical compbiselarger than that
of the pseudo-component this is trlie, Fisher & Drrory (201®) fhat bulges that
are co-located in fundamental plane parameter space witteim@f composite
pseudo-classical bulges have lower specific SFR than theempdeudobulge, and
also haven, ~ 1.8 — 2.1. They show by modeling that adding a high Sérsic index
bulge to a low Sérsic index pseudobulge tends to producetarmediate range,.
Fisher & Drory (20111) use these results to estimate thathtyub0-20% of bulges
in the local 11 Mpc, fit this description. This is only a rougtimate. Much more
work is needed to truly get a robust estimate of the frequefi@pmposite bulge
systems.

Erwin et al. (2015) uses stellar kinematics to model therirtkstructures of sev-
eral examples of galaxies which contain both a pseudobuidgeckassical bulge.
These models generally find a small compact structure wisigleferred to as a
classical bulge, with a diffuse structure around it that thasamics that are more
consistent with disks, which they call the pseudobulge.

The take away is that the presence of a pseudobulge in a gdtges/not nec-
essarily imply that there is not an old, dynamically hot comgnt of stars within
that system. In the future, as integral field spectroscompipes more common,
dynamical modelling which places estimates on the maxinmactibnal mass of a
hot stellar component in pseudobulges of ranging prope@¢£T, SFR/Mgar, Np,
etc.) may prove very useful.

1.7 Summary

In this review we have highlighted a number of observed prtggrethat mark em-
pirical differences between classical bulges and pseudebuWe certainly do not
always understand the underlying physical reason for tbeserved differences.
For example, whyn, ~ 2 seems to be such a good dividing line between bulge
types is not clearly understood. An alternate approach e diagnostic meth-
ods on physically motivated arguments (such as an assumgtiothe star for-
mation history, or the structural properties). Howeverygtally motivated argu-
ments can be specious, especially when we consider thattiesd understanding
of bulge formation is incomplete at best. For example, a degaior to writing
this review the most popular theory to explain the popufatbbulges was major
mergers. At present, this is no longer an ubiquitously aezbtheory, rather it is
thought by many that some mixture of turbulent clump indiissi early on and sec-
ular evolution in more recent epochs combine to generateyroalye propoerties
(e.g. [Elmegreen et al., 2008; Genzel et al., 2008; Obrejk, RC4.3).

Below, we summarize the empircally-determined propedigseudobulges and
subsequentially classical bulges. A very important feaisithat pseudobulge prop-
erties are not always the complement of classical bulgegstigs. For example, if a
bulge is star forming (and there is no interaction preséig)is very good evidence
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that the bulge is a pseudobulge, but when the bulge is notstaing this does not
imply the bulge is classical. It could be either pseudoboligéassical bulge.

The diagnostics are divided into two categories. Thoseertdp catergories (or
category | diagnostics) are properties in which the param&tows a relatively
clean seperation between almost all pseudobulges anitelassiges. The category
Il diagnostics are those in which a range in parameter is ootyipied by a single
bulge type, however does not identify the whole populatidouges. If one wishes
to statistically identify all bulges of a certain type in argae, then a category |
diagnostic should be used. Alternatively, if one has a siggllaxy, or a sample of
bulges and simply wishes to know if these are bulges of aicdstpe then category
Il diagnostics may be sufficient. For classical bulges tlieeeethird category which
are necessary, but not sufficient properties of classidgkisu

1.7.1 Observational Definition of Pseudobulges

Here we list the empirically-determined properties asseci with bulges that re-
semble disks, i.e. pseudobulges.

| - Optical morphology in the region where the bulge light is dominant shows spi-
ral or ring stucture, when measured at high spatial resiWHM< 100 pc). A
description of this can be found in SS2.

| - Sérsic index of bulge stellar light profile in a bulge-disk decompositisiess
than 2. Both Fisher & Droly (2008, 2010), also FigJ1.3 of tielsiew, show that the
turnover in the distribution between classical bulges aswaidobulges is &, ~ 2.1,
and belown, = 2 almost no classical bulges are observed.

| - Correlations with absorption line strengths are very well connected to bulge
types (Peletier et al., 2007; Ganda éetlal., 2007). As we shokig.[1.10, a bulge
is a pseudobulge Mg b < 0.7 Acompared to either the correlations of Mg-
or Mg-Fe. Below we discuss how the absolute value of absmrmorrelates with
bulge type.

I- Velocity dispersion profile shapethus far is the best kinematic method to iden-
tify pseudobulges and classical bulges (Fabriciuslet@L2p A bulge is identified
as a pseudobulge if the logarithmic derivative of the vejodispersion profile is
greater thardlog(o)/dlog(r) > —0.1 and< v > / < g2 >> 0.35. An extreme
version of this result are the so-callgedrop galaxies which have a local minumum
in velocity dispersion that is located where the bulge issthgalaxies would have
a positive value fodlog(o)/dlog(r), and thus be pseudobulges.

Il - Low surface brightness outliers from scaling relationsare found to be

pseudobulges (Carollo etlal., 2001; Gadotti, 2009; FishBréry,'2010). However,

many bulges that are co-located with fundamental planeeptioins also show ev-

idence of being pseudobulges (lay, high SFR/Mgar, [Fisher & Drory, 2010 and
Fig.[18. If a bulge is co-located with a projection of the damental plane, then




30 David B Fisher and Niv Drory

this does not discriminate between being a pseudobulgelassical bulge.

Il - Specific star formation rate can be indicative of bulge types. If the region in
which the bulge dominates the light h&SR/Mg > 10~ yr—! then the bulge is
very likely to be a pseudobulge (Fisher, 2006; Fisher ePaI09). However, if the
bulge is less active, whe@ R/M < 10~ yr~1, the bulge could be either a pseu-
dobulge or classical bulge. Care should be take also tordeterif the galaxy is
presently experiencing an interaction, in such casesletiors betweeSF R/ Mg

and other parameters, suchrgdecome less robust.

I- Absorption line strength a bulge is found to be a pseudobulge if Fe5%58.95
Aand/or Mg b< 2.35A. In the sample of SAURON based observations presented in
Fig.[1.I0 (Peletier et &l., 2007; Ganda €tlal., 2007), nsidakbulge is found with
absorption lines below this range. However, this seledioes not include all pseu-
dobulges, and therefore in a statistical study should bd irseombination with
other diagnostics.

Il - Low - o outliers to thel Faber & Jacksbn (1€76) relation between bulge magm-
tude and central velocity dispersion of the bulge are fournikidrmend

(2004) to be pseudobulges. However, if a bulge is co-looattetth Faber & Jacksbn
_@), we cannot determine - from this information alorfét-is a pseudobulge or
classical bulge.

Il - Extremely blue optical colorsstatistically speaking optical color does not ap-
pear to be a good indicator of bulge type, however the smbabetuof bulges with
very blue optical color®8 —V < 0.5 are found to be pseudobulges, and classical
bulges are rare fd8 — V < 0.65.

1.7.2 Observational Definition of Classical Bulges

We note again that classical bulges are not always the congpieof pseudobulges.
In some parameter spaces there is significant overlap betiiegwo populations.
This could be evidence of a bridging population, but its asy likely that not ev-
ery metric of galaxy properties is uniquely manifested bingle galaxy evolution
mechanism.

The obvious condition is that first a classical bulge mustsadisfy any of the
criteria listed under the definition of pseudobulges.
I- Optical Morphology is found to be simple and free of spiral arms and nuclear
rings in the region of the galaxy where the bulge dominatedigint. It is important
to have good resolution, preferably in the middle of the agitivavelength range
(~V throughl bands). In all but the closest galaxies HST is necessaryafgndise
bulge with their morphology.
I- Sérsic Index of classical bulges is found to be almost always greater tvan
np(classical) > 2 (Fisher & Drory| 2008).
| - Correlations between absorption line strengthsthat are consistent with E
galaxies is a property exclusively of classical bulgesuBebulges establish cor-
relations that are offset toward lower equivalent widthalagorption.
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| - Strongly centrally peaking velocity dispersion profilesare a property that ap-
pears to be exclusively that of classical bulges. Fabrieiw. (201P) finds that if a
bulge has a logaritmic derivative that is more negative thiag(o)/dlog(r) < —0.1
the bulge is a classical bulge.

II- Central Velocity Dispersion of pseudobulges is systematically lower than that
of classical bulges. If a bulge is found to hawe > 130 km s! then that bulge
is very likely to also show evidence of being a classical bulnd is not likely a
pseudobulge. However, a significant number of classicgldsuhave loweop than
this.

The following criteria must be satisfied to be a defined, eitaliy as a classical
bulge, but are not sufficient on their own to identify the s a classical bulge.
Il - Classical bulges ar€onsistent with the Fundamental plane scaling rela-
tionships.
Il - Low specific star formation rates and low central gas surface densities
are found in all classical bulges, that are not presentlyesipcing a merger.
To be identified as a classical bulge we find t8&R/M, < 107! yr=! and
5ol < 100 M, pct. Though many pseudobulge also have low star formation ac-
tivity and likewise are gas poor, therefore an inactive ISMat sufficient to identify
a bulge as being either classical or pseudobulge.
Il - Classical bulges are not extremely blueThere is no range in optical color
that uniquely isolates classical bulges, however if a bidgetremely blue it is not
likely a classical bulge.
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