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Abstract. We study the photometric parameters of the bulges of galaafedifferent
Hubble types including ellipticals, lenticulars, earlydalate type spirals and early type
dwarf galaxies. Analyzing the distributions of various fifroetric parameters, and two-
and three-dimensional correlations between them, we fiatthere is a dference in the
correlations exhibited by brightMx < —22) and faint bulges, irrespective of their Hubble
type. Importantly, the bright bulges, which include typigd/SO galaxies and bulges of
early type spirals, are tightly distributed around a commbotometric plane (PP), while
their fainter counter parts, mainly bulges of late typeapiand dwarf galaxies show signif-
icant deviation from the planar distribution. We show thra specific entropy, determined
from the bulge structural parameters, systematicallyeiases as we move from late to early
Hubble types. We interpret this as evidence for hierar¢merging and passive evolution

scenarios for bright and faint bulges respectively.
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1. Introduction

Galaxies show a wide variety of morphologies. Right fromwfek of Hubble (1936) attempts
have been made to classify them according to their appahamtes structure, elongation etc.
The wide ranges seen in their properties like luminosity eoldr, and in parameters defining
their large scale structure, indicate that galaxies anméarthrough diferent mechanisms and
are in a state of constant evolution. A detailed analysik@fiistribution of such properties, and
the correlations between them, helps in understandingy$tersatics involved in the structure,

formation and evolution of galaxies.

The ratio of bulge to disk luminosity in galaxies decreaskesigthe Hubble sequence.
Elliptical galaxies (Es), which are wholly dominated byithaulges, show considerable homo-
geneity, mainly characterized by the existence of the foratgal plane (FP), a tight correlation
between central velocity dispersiom) effective radiusi)- effective mean surface brightness
((un(< re)))- (e.g., Dressler et al. 1987; Djorgovski & Davis 1987) wiittle intrinsic scatter.
The homogeneity extends to many other correlations as Vi@l the color-magnitude (CM,
Bower et al. 1992; Andreon 2003), the Faber-Jackson (197&Xarmendy (1985) relations.
Lenticulars (S0s) show striking similarities with Es in ith@bundance near cluster centers. The
properties of the bulges of lenticulars follow closely thetations obeyed by Es, while their disks
show structural similarities with the disks of spiral gaés<(Mathieu et al. 2002), sometimes
with larger scatter (Hinz et al. 2003) towards their faind eBpiral galaxies have more complex
structures, with the disk having spiral arms whose chariatietoo change along the Hubble
sequence. In this paper, we intend to study the photometjpgpties of the bulges of filerent

Hubble types for galaxies.

A systematic and quantitative understanding of the modioal structure in galaxies is
obtained by analyzing their surface brightness (SB) distidn to separate their bulge and disk
properties. In the simplest approach, this is achieved bgmaterizing the radial structure of the
SB profile in terms of empirical functions with a small numbéfree parameters. The SB profile
of discs is satisfactorily fitted by an exponential functibraracterized by a central surface bright-
ness and a disk scale length (Freeman 1970; also see Gr@8igourteau 1996). The situation
with bulges is somewhat more complicated. The bulge domihsitirface brightness profiles of
ellipticals were found to be reasonably well fitted by the prasameter de Vaucouleurs’ law
(de Vaucouleurs, 1959). However, in recent years bettelitgu@CD data have shown that the
generalization of ¥4 to ar/" law, first proposed by Sérsic (1968), represents the SBl@sofi
better. Ther™ law also provides satisfactory fits to the bulges of lenticand spiral galax-
ies. The significant correlations that the Sérsic indskares with other photometric parameters
like luminosity and central surface brightness (Young & @u4994; Andredakis, Peletier, &
Balcells 1995; Binggeli & Jerjen 1998; Khosroshahi et al0@8,b; Trujillo, Graham & Caon
2001, Trujillo et al. 2002, Gerbal et al. 1997, Lima-Neto [etl899, Marquez et al. 2000;2001),
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with spectroscopic parameters like central velocity disjpa o (€. g. Graham & Colless 1997)
and [MgFe] abundance ratios (Vazdekis, Truijillo,& Yamada 2004) also with the mass of the
galaxy’s (central) super-massive black hole (Graham &(fl1) suggest that this generalization
provides important information regarding the physicalgasses involved in the evolution of the
bulges.

An attempt to understand and interpret the observed ctimetafrom a theoretical point of
view has been made by Gerbal et al. (1997), Lima-Neto et 889}, and Marquez et al. (2001).
These authors consider elliptical galaxies to be in a stageasi-equilibrium characterized by a
local maximum in the specific entropy of the system. Studfesmulations of successive merg-
ers of elliptical galaxies showed a systematic increasherspecific entropy with the merging
history (Marquez et al. 2000), suggesting that the speeifiropy can be used as a potential tool
in understanding the evolution of galaxies.

In this paper, we will consider the quantitative decomposibf galaxies of dierent Hubble
types into the bulge and disk components, and consider aildetrious relations between the
bulge properties. We will dier the discussion of disk properties to a later work. The p&pe
arranged as follows. I§2 we introduce the sample used in this analysis. Section|3 déth the
determination of the structural parameters of early typexges inK band for two rich clusters
Abell 2199 and Abell 2634 using the full two dimensional leHdisc decomposition algorithm,
fitgal. We then move on to describe the various photometric prigsari §4 and show that the
brighter My < —22) and fainter bulges, irrespective of their Hubble tydedistinct regions in
their parametric correlations. Assuming gravo-thermapgrties to the bulges, we then estimate
their specific entropies i§5 and attempt to provide a robust evolution scenario of gedax

Finally, in §6 we conclude with a discussion of our results and their iogpions.

2. The Sample

The objects of our study consist of the bulges of galaxiesf®éint types. For this purpose we
have compiled samples of cluster ellipticals, lenticulaesly and late type spirals, and early type
dwarf galaxies. All the galaxies in our sample, except thardgalaxies, have been observed in
the near infra red, the advantages of this band being itstséiiydowards the old population of

stars and the capability to penetrate the dust. A brief dasmn of the sample is given below.

— A set of 34 elliptical galaxies in two nearby clusters, At#IB9 (20 galaxies) and A2634 (14
galaxies) at redshift = 0.031 and 0030 respectively. The sample contains elliptical galaxies
that are spectroscopically confirmed members of theseethugtith reliable velocity disper-
sion and optical photometry from a study by Lucey et al. ()99Fese galaxies were chosen
to have optical half-light radius less than 1 arcmin, to fithe field of view of the Infra-
red Array Detector (IRCAM3) on the United Kingdom Infra-r&servatory (UKIRT). The
bulge disk decomposition algorithm we used for determiriiregphotometric structural pa-

rameters requires that the surface profile be fitted by a dmmdtye+ disk model. Hence
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galaxies with complicated morphologies, like stronglyenaicting galaxies, were removed
from the original sample. However such galaxies constitatg a small fraction of the sam-
ple, and hence their removal posed no threat to the statistienpleteness of the sample. It
may be noted that this final criterion is applicable to allfibilowing samples.

A set of 42 ellipticals from the Coma cluster analyzed by Khehabhi et al. (2000b). These
galaxies were taken from a previous study (Mobasher et 8BYi®hich originally contained
48 ellipticals applying the same selection criteria for édnell cluster ellipticals from the
spectroscopic and optical photometric catalogue by Luteay: €1991).

A sample of 37 confirmed field lenticular galaxies observedha K’ band from the
Observatorio Astronomico Nacionall m telescope at San Pedro Martir, Mexico, by Barway
et al. (2005). These galaxies from the Uppsala General @atel(UGC) hav® < 14, angu-
lar diameteiDys < 3 arcmin and declination°s< § < 64°. The galaxies in our sample were
chosen in an unbiased fashion from the larger complete sawigh the above mentioned
selection criteria, after removing possible mis-clasatfans by analyzing theiK band im-
ages.

A set of 26 bulges of mostlgarly-typespirals from a magnitude and size limited complete
sample from the UGC constructed by Balcells & Peletier (398m observations in th&
band. The sample is complete with right ascension betwekari® 24, declination above
—2°, spirals earlier than SB < 14, major axis diameter larger than 2 arcmin, absolute
galactic latitude larger than 2@nd axis ratio irB larger than 1.56. The final criterion makes
the sample biased towards being highly inclined (inclioraangle greater than 50 Further,
the smoothness of the surface profile was guaranteed byiagajdlaxies that are irregular,
strongly interacting, barred or with very strong dust linight up to the center of the galaxy.
We have taken the bulge and disk parameters for this sangptetire study by Khosroshahi
et al. (2000a), who used the same programs and techniquesiirmhalysis as we do.

Bulges of 40 bright By < 12) spiral galaxies, mostliate-type observed inK band and
analyzed by Mdllenhd & Heidt (2001). The sample consists of galaxies wigh< 12 of
Hubble type Sa to Sc, without strong bars, selected from thésed Shapley Ames Catalog
(Sandage & Tammann 1981).

Early type dwarf galaxies from a study by Binggeli & Jerjei®98), which contains 128
highly resolved dE and dSO profiles that are well describethbysérsic law. These galaxies
were selected from thB band photometry of a complete sample wgh< 18 by Binggeli

& Cameron (1993). We have used the whole sample to repreadgttgpe dwarfs, as the
dEs and dSOs do not show any distinguishabffedénces in their photometric correlations
as shown in Binggeli & Jerjen (1998), Also, we have convettelB band photometry to
that in theK band assuming an average coBb¥ K = 3.2. Given the fact that most smooth
dwarf galaxies contain homogeneous single component ptpn) the application of con-
stant color is justifiable. The main motivation to include thwarf galaxies in this study is to

address their properties in relation to their counter partengst other Hubble types.
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Further details on the selection and data reduction can dé& b the references mentioned
above. We assume that Hubble’s constant and the cosmadldgineleration parameter are given

by Ho = 50 km s Mpc~! andqp = 0.5 respectively.

3. Morphological Parameters

Galaxies classified as elliptical in the classical cataémygenerally have smooth elliptical
isophotes, with little evidence of morphological peciitias, dust etc. seen in survey plates.
Later observations of such galaxies with CCD detectors hevealed a host of features, but
these typically are faint enough to still make it possibleise simple laws to describe the large
scale light distribution. The most widely used relation &scribe the surface brightness distri-
bution in elliptical galaxies at optical and near infra-ngdvelengths|y(r), is de Vaucouleurs
law. This law, with its two free parameters, the central scefbrightnesk,(0) and the half-light
radiusre (defined as the radius of the central region of the galaxyatoimy half its total light),
provides a surprisingly good approximation to the obsemsudace brightness distribution of
many elliptical galaxies. But with high sensitivity CCD @bpgations becoming available, devi-
ations from the simple'/# law have been noticed, and a three parameter generalizfitin
proposed by Sérsic (1968), has been widely used (see Kétanoet al. 2000a for a discussion

and references). The Sérsic law is given by
1o(r) = 1p(0)e 230 /1", (1)

wheren is a parameter to be determined from observations for ealexygal' he constanby,
which depends on, is chosen so that remains the half-light radius. For a givenb,, can be

obtained as a root of the equation
P(2n,2.3030,) = 0.5, @)

whereP(a,X) is the incomplete Gamma function (see e. g. Press et al.)1992
The surface brightness profile of the disk is well approxedab be an exponential (Freeman
1970),

la(r) = 14(0)e"7"), (3)

wherely(0) andry are the central disk intensity and the disk scale radiuseasely. For ex-
tracting the bulge and disk parameters of the Abell cludligtieals, we have used the algorithm
fitgal, a full two dimensional routine, involving? minimization to determine the quality of the
fit obtained. This algorithm is described in Wadadekar, Ralioin & Kembhavi (1999). For the
Coma ellipticals and bulges of early type spirals in our santhe photometric parameters have
been obtained using the progréitgal by Khosroshahi et al. (2000b and 2000a respectively). For
the lenticulars, the image analysis has been describediwyegat al. (2005), and the photomet-
ric parameters have been obtained again uiiggl (Barway et al. to be submitted). For the late

type bulges and the dwarf galaxies we use results from Mbde & Heidt (2001) and Binggeli
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& Cameron (1993) respectively. Even thouglffelient procedures for extracting structural pa-
rameters can introduce some systematics in the derivedngtees, we anticipate thefect to

be negligible, considering the fact that all the samplejatawere selected on the basis of the
smoothness in their surface brightness profiles. We wolkidtb note here that the definition of
morphological parameters used in some of the papers citacalan be dferent. In such cases

we have made the necessary transformations to convertralneders to the form used by us.

4. Distributions and Correlations

We consider in this section the distribution of various paeters for diferent galaxy types
and correlations between the parameters. Any observeélations can provide constraints
on galaxy formation and evolution models. Also, as shownhgydxample of the FP and the
Kormendy relation (Kormendy 1977) and the relationshipMeeinn and bulge scale radius
(Young & Currie 1994, Lima Neto et al. 1999), the observedaations with small scatter

can provide useful distance indicators to galaxies.

4.1. Distributions

In Fig.[ we show the histogram of Sérsic bulge parametetegre, anduy,(0), for the diferent
sets of galaxies in our sample. Clearly it can be seen thatfdystaxies (dEs) form a dierent
distribution compared to all other types. The Sérsic inflexdEs has a conspicuous peak at
n ~ 1, and there are very few galaxies witte 2. For the ellipticals) peaks around ~ 4, with

a broad spread to lower values (this is the reason why de \Wews' law withn = 4 provides
a reasonable fit to many Es). As we move along the Hubble sequéme average values
becomes smaller, but the spread remains large with no evpéak. The distribution gi,(0) for
bulges of early type spirals show a close resemblance witinBsright SOs, while the bulges
of late type spirals overlap with the bright end of dwarf g&a and faint end of other early type
bulges. The ffective radius decreases on average along the Hubble seqilawever, contrary
to theuy(0) distribution where the dwarfs have dfdrent distribution from the other types, in
the case of¢, there is a significant overlap of the dEs with the other galxSome bulges of
SO0s and spirals show smallerthan a majority of dEs. These distributions show that the reoi
apparent dterence between the Abell and Coma cluster ellipticals irsantple. Application of
the Kolmogorov-Smirnov test confirms that distributionstfte two sets of cluster ellipticals are
not significantly dfferent, and therefore in our subsequent discussions weaiitidating all the
cluster ellipticals in our sample as a single group.

The dfect of the distribution of the three basic parameters showkig.[d, on the bulge lu-
minosity is such that it decreases systematically alongHiligble sequence. In Fifll 2 we show
the histogram for absolute magnitude for théetient types. We have shown in Hig. 3 the dis-
tribution of the three basic parameters and the luminosityafl the bulges in our sample taken

together. It clearly shows the division of the whole sample itwo distinct groups. However,
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Fig. 1. Distribution of Sérsic indexn(), half-light radius (loge in kpc) and unconvolved cen-
tral surface brightnesgu(0) in mag arcse®). The bottom panel shows histograms for dwarf

ellipticals (shaded) and the rest of the sample taken tegétipen).

there is a significant overlap of all the bulge parametersgataky types in the two groups. This
kind of a dichotomy in the structural parameters and theiretations has been reported before
in the literature. Kormendy (1985) observed from his studyedlipsoidal stellar systems’ that
bright Es show remarkable discontinuity in their parametarelations from those for dwarf
spheroidals (see also Capaccioli, Caon, & D’Onofrio 1998)s has led Kormendy & Bender
(1996) to suggest a modifications to the Hubble classifinat@sed on the apparent elongation
and its association with rotation. The dichotomy betweenptoperties of bulges is not limited
to ellipticals. van den Bergh (1994), analyzing a sampleQsf, 8ame to the conclusion that faint
S0s Mg > —19.5) are statistically more likely to be prolate than theirghtier counterparts.
Recent studies suggest that the bulges of early and latespipds seems to follow distinct dis-
tributions in their elongation (Fathi & Peletier 2003) aslivas in luminosities (the luminosity
distribution is of courseféected by the role that bulges play in the Hubble classifioat@heme).

The dichotomy shown in Fidl]l 3 does not seem to be resulting tlee uneven sample size for
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Fig. 2. Histogram of absolutek) magnitudes for bulges. There is a systematic increaseein th

luminosity towards early type galaxies suggesting the damce of bulges there.

the diferent Hubble types, since there are significafiedénces in the population of galaxies in
the two groups for dferent parameters. The important observation we make hénatishe di-
chotomy does not depend on the Hubble type, it rather seebesdonore fundamental property

of the bulges that might be closely related to their fornmatiod evolution processes.

4.2. Correlations

The three basic parameters involved in the Sérsic law dgivEguatior1 ), (0), re andn, specify

the surface brightness profile completdly(0) determines how bright the galaxy appeats,
decides the extent of the galaxy amdontrols the ‘rate’ of the fall of intensity within the gakgx
the larger the value aof, the quicker is the fall in the intensity within the half ligfadius. So for
large values of, it is necessary to have a bright core and a reasonably lafgethe galaxy to

be ‘visible’ in the band. Hence positive correlations (wsttme scatter) af with both1,(0) and
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Fig. 3. Combined histogram for the structural properties of buigesur sample. There seems
to exist two distinct groups in their structural propertigsespective of the Hubble type they

belongs to.

re are expected, assuming galaxies obey the Sérsic law owarttire galaxy (e.g. D’Onofrio,
Capaccioli, & Caon 1994; Khosroshahi et al. 2000b; Trugtal. 2002).

In Fig.[4 we show a plot betweegn(0) andn for the entire sample. In the case of the cluster
ellipticals, there is a good linear correlation (corralatcodficient= -0.90, significance greater
than 9999%, rms scatter around the best fit line measured along #éts = 0.26), The dwarf
ellipticals too show a good correlation, but there is praraad departure from linearity at the
lower values oh. The dwarf galaxies seem to lie on the extrapolation of thediin ellipticals to
lowern values, but this is to be treated with some caution, sinceave hsed an average color to
transform the observed dwarf galaxy magnitudes inBixand to theK band. As for the bulges
of spirals, early type bulges again show a good correlati@88, > 99.99%) and merge with
ellipticals (see also Khosroshabhi et al. 2000b), while tgfe bulges show a large scatter and
departure from linearity. The bulges of brighter lenticalenix with the ellipticals, while their

fainter counterparts show large scatter and curvature.
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Fig. 4.Logarithm of the Sérsic indaxas a function of unconvolved bulge central surface bright-

ness.

A plot of the Sérsic index against thiective radius (FidJ5) shows the presence of two broad
distributions, but now without a good correlation withinchagroup. It is seen from the figure
that Es and brighter bulges of other Hubble types form a gratnile the fainter (and smaller)

bulges of SOs and spirals form another group similar to theEs.

4.3. Kormendy Relation

Kormendy (1977) noticed that for a sample of large elligtgzaxies, the central surface bright-
nessup(0) was correlated with log. The two parameters here were determined by fitting de
Vaucouleurs’ law to the SB distribution. Operationallyhés been found in such investigations
that it is convenient to use the mean surface brightnessnaiigh({up(< re)) rather thanu,(0) in
plotting correlations like the Kormendy relation and thedamental plane, as the former can
be more robustly determined from observation data, andwbediffer from each other by just

a constant when de Vaucouleurs’ law is usédp(< re)) = up(0) + 6.935 forn = 4. However,
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also shown at the lower right corner.

care should be taken when results fromitHé fitting are compared with those frony" fitting,

as the photometric structural parameters difecéed systematically. In the case of Abell cluster
ellipticals, where we have both Sérsic and de Vaucoulewvditted parameters, the propagation
of the systmatic error is shown in Fig. 6. It can be seen thantlore diferentn is from 4 for
the bulges, the larger are the systematic errors involvéiteie Vaucouleurs’ fitting. However,
there was no noticeableftiérence for the Kormendy relatioug (< re)) — re) between the two
cases, as the systematic errors were propagating simalamyg both axes (Ravikumar 2004, see

also Kelson et al. 2000).

In Fig.[d we have shown a plot @f(0) against log.. The correlation is not good, but here
again we see the various kinds of bulges are divided into fstindt groups, as in Fifl] 5. The lack
of correlation seems to go against the Kormendy relationthmicorrelation is clearly visible if
we plot{up(< re)) against loge, as shown in Figd8. When the Sérsic law is used the relation

between the two surface brightness terms is a functiam ahd the lack of a tighty(0)-logre
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a Sérsic profile. Fidl16.

Table 1. Kormendy relationup(< re)) = alogre + b. The linear correlation caicientr with

Significance are also given.

Sample a b r Significance
Es 1.95+0.31 15.31+0.17 0.71 > 999
SOs 1.46+ 0.49 15.34-0.19 0.90 > 999
EarlyS 2.60+0.32 16.86:0.15 0.48 oF
Late S 2.53:0.22 15.14-0.17 0.74 > 999
dE 0.46+ 0.38 13.64:8.14 0.31 > 999

correlation, is usually attributed to the interdependericewith these parameters separately (see
Khosroshabhi et al. 2000b and Graham & Guzman 2003).
It appears at first sight from Fiil 8 that there is large scaitthe Kormendy relation for our

bulges, but it is clearly seen that the points are segregattedvell correlated subsets. We have



Ravikumar et al.: Photometric Scaling Relations for Gaaxi 13

C A ]

8 X ]

y n .
O n N
! 12 — —
&) - -
< L a
© - _
an - : ’
g - X X © o) i
) - L e .
— - .
< . ]
20 F —

: =

24 _I 1 1 1 | 11 1 1 | 111 1 | I | | 11 1 1 | 111 1 | 1 1 1 I_

-1 —-0.5 0 0.5 1 1.5
log r, kpc

Fig. 7. Variation of up(0) as a function of #ective radius. The symbols are as used in Hg. 4.

Typical error bars are also shown.

given in Tablddl the correlation cigients and best fit values for the Kormendy relation for the
different kinds of bulges. It is seen that the slope for the dEgrsfieantly diferent from that
for other sets. The errors in the best fit values have beernnaltaising the bootstrapping and
unless otherwise mentioned, we use this re-sampling tquakrfor estimating errors in the rest
of the paper.

In Fig.[d we have shown the line correspondingM@ = —22 which separates the whole
sample into two groups which separately obey a tighter taiiom than the combined sample.
The slope of the relation for bulges in the brighter groupigghbr than the slope of the fainter
group. Khosroshabhi et al. (2004) also reported such a satioegf bulges of early type galaxies
in the magnitude space withfterent slopes for the Kormendy relation. We note that whiée th
SO0s and bulges of early type spirals obey the Kormendy oeldtr the Es in our sample, the
bulges of late type spirals form a bridge between the twogsou

Kormendy (1985) also noticed such a ‘discontinuity’ betwé&es and dEs in the parameter

correlations. Interestingly, Fifll 8 shows that the faibtgeges of late type spirals are more similar
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Fig. 8. Kormendy relation for bulges in our sample. The (dashe@}liof constant absolute mag-

nitude are also shown.

to the dEs in their slope while their brighter counter pahisvg a weak similarity with the bulges

of E/SOs. Recent studies suggest that bulges of late type spmalsiore elongated than those
of early type spirals (Fathi & Peletier 2003). Combininggthiith the fact that dEs have greater
rotational support than the Es, it is tempting to see the Ky relation as an evolutionary
diagram but there is too much mixing between thedent types, for any clear trend to be

discerned (see also Graham & Guzmah 2003).

4.4. Correlations with total luminosity

In Fig.[@ we show the correlations of structural parametérhe bulges in our sample with
the total luminosity of the host galaxies. The two surfadghiness termsu,(0) and(up(< re)))
seem to correlate well with the total magnitude, even thawigiinlarge scatter, while for galaxies

other than the dEs the half-light radius also shows sigmificarrelation.
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Fig. 9. Correlations of bulge structural parametgg$0) (in mag arcse®), re (in kpc), n, and
{up(< re)) (in mag arcse?®) with total K magnitude for dferent galaxies in our sample. For the
cluster ellipticals and dEs in our sample, the total lumityds the same as that of the bulge, as

no significant disks were detected in these systems.

4.5. The Photometric Plane

Khosroshabhi et al. (2000a) noticed that elliptical galax@nd the bulges of early type spiral
galaxies satisfied a single planar relation of the formnog alogre + buy(0) + ¢. The data
points had small scatter around the best fit relation, whishdfoshahi et al. (2000a,b) called the
photometric planeThey argued that the tight relation suggested that theaesisgle formation
scenario for the ellipticals and early type bulges. A lessaiform of this relation can be seen in
Binggeli & Jerjen (1998) for a sample of dwarf ellipticalsdasiwarf SOs in the Virgo cluster. For
their sample of galaxies containing mostly late type spifbllenhdf & Heidt (2001) noticed

a similar relation for the Sérsic parameters obtained lyhining observations in near infrared
(3, H, andK) bands. Khosroshahi et al. (2000a) suggested that the PPecased in distance

determinations, albeit with uncertainties as large-as0%. Later, Graham (2002) obtained a
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Table 2. The photometric plane céiicients. The number of galaxies in the s§) @nd the angle

between the normal of the PPs of each set and that of the Efsargizen.

Sample a b c N rmsg Angle
Es 0.15320.022 -0.0680.003 1.130.03 76 0.037 -
SOs 0.2060.030 -0.1080.014 1.540.15 37 0.067 3.6951.620

EarlyS 0.13@0.040 -0.0730.010 1.2%0.11 26 0.058 1.3341.777
LateS  0.2320.029 -0.0740.006 1.29:0.07 40 0.092 4.3941.912
Spirals  0.2120.023 -0.06#0.005 1.180.06 66 0.088 3.3461.617
dEs 0.1580.035 -0.0820.004 1.6&0.06 128 0.071 0.9651.202

Note: a andb are the cofficients of loge andu,(0) respectivelyc is the constant and rmpss the rms

scatter in the PP measured along therl@gis.

slightly different form of the PP, frorB band observations of early type galaxies in the Virgo
and Fornax clusters, and used it to estimate the Virgo-katistance modulus. A key flerence
between the photometric plane and the fundamental planerénthe distance estimation error
can be~ 10% in rich clusters) is that in the former, all the paranmetme photometrically de-
termined, which can be an advantage for large samples aindigalaxies with no spectroscopic
data.

In this section we examine the PP relations for the variondskbf bulges of galaxies in our
sample. The best fit relations are given in Tdble 2, where ditiad to the coéficientsa, b, and
¢, we provide the rms scatter along the fogxis and the angles made by the normal to the PP
for each group with that for the Es. An edge-on view of the RRefigpticals is shown in Fid0;
these galaxies show a remarkable homogeneity and havéicaguly smaller rms scatter, about
the best fit plane, than the other subsets. The PRicieats for the bulges of early type spirals
and ellipticals are equal, withinslerrors, as shown in Tablé 2. The PPs for bulges of SOs and
late type spirals are, however, significantlytdient from the PP for ellipticals, as can be seen
from the codficients and the angles between the normals. The scatter thied@P in these cases
is also larger than that for the Es. The sample of dwarf gataid some what unique in their
properties in the sense that they show a PP very similar tofohaEs, but with much larger
scatter, implying that a high degree of inhomogeneity isen¢in the individual galaxies.

The PPs for types other than the Es are shown in[Elg. 11. Thuie¢spare noteworthy here.
First, not all bulges follow a common PP. Second, the etligds and bulges of early type spirals
form a very homogeneous and tight PP while all other samiles & curvature towards the
lower end ofn, in confirmation with recent results (Khosroshahi et al. 20@inally, of the two
groups of bulges seen in Fid. 3, the bigger and brighter lsulgith largem values) form a PP
with much less scatter than the fainter ones.

The dichotomy is clear in Figi_12 where we show the histogréehesiations from the PP
defined by Es for the combined sample. We have plotted in[gh& absolute deviation for
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Fig. 10. The Photometric Plane for Es; an edge-on view. ThEedint sets of cluster ellipticals

have a tight distribution about the PP.

each galaxy in our sample from the photometric plane for theTBere is no noticeable trend
in the case of log and logre, possibly because of the significant overlap between trghter
and fainter groups in the distribution of these parametéosvever, theéps show significant
correlation with the central intensity and luminosity o&thulges, with the average deviation
increasing systematically as these values become fainter.

To examine the distribution of bulges in the 2-dimensiopalce defined by the photometric
plane of the Es, we show a face on view of the PP in Ei§j. 14. Tlesléx = 0.151logn +
0.989logre andK, = —0.064 logn + 0.010 logre — 0.998uy,(0) form orthogonal triad with the
normal to the PP for Es. Clearly, the whole available spatiearPP is not occupied and, there is
suggested distribution of fierent Hubble types according to their luminosity. Thereespp to
be a (continuous) sequence from the dEs to Es, through tkeldttbble types. Elliptical galaxies
are considered to be the most relaxed systems, which isstensivith their tight distribution
around the FP and PP, and we have seen that the dEs have gizdter around the PP than

other types of galaxies. So the sequence may be tracingeativgy in theK ;/K, plane, which
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Fig.11. Edge on view of PPs for SOs (top left window), bulges of eatbp(right) and late
(bottom left) type spirals, and dwarf galaxies (bottom tjgi; = 0.21logre — 0.11 + 1.54,
P, = 0.13logre — 0.07+ 1.21,P3 = 0.23logre — 0.07+ 1.29, andP4 = 0.16 logre — 0.08+ 1.60

goes from the least to the most relaxed systems. In the netibseave try to relate this sequence

to the specific entropy of bulges (see Merritt 1999).

5. The specific entropy of bulges

Galaxies are in a state of constant evolution. Howeverjessuzh galaxies of a particular Hubble
type show that they indeed display remarkable similaritietheir structural properties, man-
ifested by various correlations, photometric and specbpig, like the FP and Faber-Jackson
relations for the early type galaxies and Tully-Fisher (2)9&lation for spirals. The existence of
such regularities has interpreted to mean théiedgnt classes of galaxies are in a quasi- equilib-
rium state of their own. Assuming that there exists a localimam entropy associated with each
quasi-equilibrium state, it is possible to estimate theapyt of a self gravitating system, from
thermo-dynamical considerations. Considering the staasielliptical galaxy to behave like an

isolated, self-gravitating gas, Lima Neto et al. (1999)grsgied that the Es might be treated as
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(0.153 logre — 0.066u(0) + 1.132), for the bulges in the analysis. The presence of twindist

groups is clearly visible.

systems of constant specific entropy. Later, Marquez €28D0) showed that the specific en-
tropy of galaxies, estimated from the microscopic Boltzm&ibbs definition, increases with
merging history. In the latter approach, stars in the gekaire not required to obey the ideal
gas law. Taking their approach further, Marquez et al. (30@ve suggested a theoretical expla-
nation of photometric properties of the Es, including the®BPconstructing anergy-entropy

line.

The diferent evolution scenarios for galaxies can be treated aggpses associated with con-
tinuous increase in entropy through quasi-stationargstdh the case of hierarchical merging
(Kauffmann & White 1993) or where the violent relaxation mechar(ispmden-Bell 1967) op-
erates, the phase-space mixing is expected to be fast and wenld result in a higher quantum
of change in entropy. On the other hand, in the case of seeutdution (Kormendy 1979) the

change in entropy, one may expect, is rather slow, as théviestdime scales are large.
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mag arcse®), andMj, (in K mag). The brighter the central intensity or luminosity of thulge,
the higher the chances that it falls on the PP.

Following the formulation of Marquez et al. (2000; equati®), the specific entropy of a

spheroidal system can be written as,

S =05In1p(0)+ 251In + F(n), (4)

r
whereF(n) = 3.9n1%-1.3n-0.2Inn.
It should be noted that we have modified the original Margeeal. (2000) equation by
representing the scale radius in kpc (instead of anguldsjuand neglecting the constant, in
order to have a comparison of specific entropy estimates lakigs in our sample. In Tab[d 3
we show the mean values of specific entropy estimated forulgeb of diferent Hubble types
in our sample. The Es and dEs show a tighter distribution @ti$ie entropy, evident from their
dispersion values, suggesting that these structures liglvertstability relative to the others. Itis
clear that the specific entropy decreases systematicale @ from Es to dEs through S0s and

spirals. This supports a merging scenario hierarchicali@ent relaxation of dEs which then
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Table 3. Mean Specific Entropy for Bulges in Our Sample.

Sample S
Es 18.39+ 4.44
SOs 16.04: 7.35

EarlyS 12.54+ 6.22
Late S 12.48+ 8.32
Spirals  12.5Q¢ 7.51
dE 8.44+ 1.98

successively climb up in the entropy ladder to form Ellipticwhich top the table in specific
entropy.

In Fig.[I3 we show the variation of specific entropy with thégeuparameters. Clearly there
is a systematic increase in the entropy as the bulge becanigésds and bigger. The distribution

of specific entropy of bulges on the photometric plane alswsha systematic pattern as shown
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specific entropy.

in the Fig[I®. As the luminosity (and hence the mass) of thaxgas proportional to the central
intensity and &ective radius squared, the observed trend of specific gngpport a scenario
where the less massive systems merge to form more massisedmcorrelation between the
Seérsic index and the specific entropy seems to be the tiglsieggesting that the index may

reflect the level of interactions the galaxy has passed girou

6. Discussion and Conclusion

We have compiled from the literature values of structurabpeeters for bulges of galaxies of
different Hubble types, and have examined distributions of #rarpeters and two- and three-
dimensional correlations between them. It may be notedthat¢he two samples of spheroidal
galaxies in our study have been taken from dense enviroranghile the systems with disks are
from the field. However, the ffierences between cluster and field ellipticals in their pimetivic

properties are marginal if not indistinguishable, with tater showing an increased (intrinsic)

scatter in various correlations (de Carvalho & Djorgov&Rki92, Gebhardt et al. 2003). Hence the
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Fig. 16.Specific entropy of bulges and the photometric plane. The aseas shown in Fig1L4.

inclusion of ellipticals and dEs from clusters is justifiadd the conclusions derived here stands
valid, even though the homogeneity shown by the Es and dEesaety in our sample may partly
have an environmental origin. Comparing the photometrigcstiral parameters of the sample,
we find that the distributions af, re, u,(0) and luminosity all show two distinct peaks, with one

of the peaks dominated by low luminosity bulges, and therdtiénigh luminosity ones.

The brighter bulgesNlx < —22) of all Hubble types show similarities in various correla
tions like the Kormendy diagram and the photometric plarte fhinter bulges show significant
differences in their parameter correlations from their brigbteinter parts. In the case of the
photometric plane, while the brighter bulges show a tighanpt distribution, the fainter ones
show larger scatter, along with a deviation from the plarnatridution for smallem values.
In terms of Hubble types, ellipticals, bulges of early typé&als and lenticulars, especially the
brighter ones, form a tight photometric plane, while bulgékate type spirals and faint lenticu-
lars, and dEs, show significant deviations from the plan@s@ering this together with the fact

that early type (FS0) bulges are in a relaxed state manifested through tigéir indamental
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plane relation (Dressler et al. 1987; Djorgovski & Davis I38ve suggest here that the tight
photometric plane also reflects their relaxed nature.

We have found that the dwarf galaxies show significant shitigs in their properties with
the faint end bulges of late type spirals. Even though thexecantradictory results on the ro-
tational properties of dEs, it is now becoming increasirgghdent that in at least a significant
fraction of dEs, the oblate structure are supported by imotgsee Pedraz et al. 2002 and the
references therein). The bulges of late type spirals aoskalswn to be rotationally supported to
a greater extent than th¢$D galaxies (see for e. g., Proctor & Sansom 2002), suggetbiat
bulges of late type spirals could be formed by the merger @frésv This possibility needs to be
corroborated by further detailed comparison between bagldisk properties of spiral galaxies
and dEs.

The dichotomy in parameter distributions for bright anahfdiulges has been discussed in
the literature for various Hubble types. Kormendy (1985jaeal that bright and faint ellipsoids
differ significantly in their parameter correlations. van dergB¢1994) has shown that in lentic-
ular galaxies, fainter bulges are more prolate than thenteigones, with a non-negligible overlap
between the two populations. Bulges of spiral galaxies sti@ov a dichotomy, with later Hubble
types being more elongated on an average than their eaydypnterparts (Fathi & Peletier
2003). These results are consistent with thiéedénces that we have found, in the parameter
distributions and correlations, between the bright andtflaillges. It appears that theffidirence
between the two kinds of bulges is fundamental in nature,isnddependent of the Hubble
type of the parent galaxy. But in every parameter distrdnuthat we have considered, there is
an overlap of bright and faint bulges, making the dividimgelirather fuzzy, which helps to ac-
count for the contradictory observations on the dichotoseg(Graham & Guzman 2003 and the
references therein).

Following the prescription of Marquez et al. (2000), we éabtained the specific entropy
for the bulges in our sample, using their morphological peeters. The specific entropy for dEs
and Es is more tightly distributed than for the other Hubplges, which indicates greater ho-
mogeneity for these galaxies and suggests that they ar@eakbnhaximum of the entropy, i. e.,
of stability. The average specific entropy shows a systenratrease as we move towards the
earlier types along the Hubble sequence, supporting ssiweamerging of smaller components
as in the case of hierarchical clustering (Kawann & White 1993). This observation is in ac-
cordance with the results obtained by Marquez et al. (20@09 found that simulated ellipticals
showed systematic increase in their specific entropy witlcsssive merging.

For the bulges of lenticulars and late type spirals, we firat the parameter correlations
are less tight than those for Es (Figures 4 & 5). This inhomedgg is also evident in the case
of the photometric plane, where their rms scatter is largen tthat for Es. Interpreting this as
evidence for the existence ofttérent scenarios of formation for the bright and faint bulgelps
to understand the observation. It is natural to expect lsigge brighter bulges with largeandr,

values to be the remnants of major mergers. Khosroshahi(@0&l4) observed a strong tendency
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for nto systematically increase towards the cluster centeefRetudies on luminosity functions
also suggest that there is a pronounced dominance of bmghb@lges near the central regions
of clusters (de Propris et al. 2003) which is usually atteloto the enhanced merging near the
centers of clusters occurred while the cluster is forming.

The fainter bulges, irrespective of their Hubble class,hitave experienced fewer encoun-
ters allowing them to evolve secularly for a longer time ia frast (see Kormendy & Kennicutt
2004 for a recent review). The existence of stable strustlike spiral arms, rings and bars are
evidence for the lack of any major mergmgeractions in the recent past, as simulations show
that major mergers mix up the phase space rather quickly strajesuch fine structures (see
Fritze-v. Alvensleben 2004). This idea is corroboratedi®/abservation that the fine structure
parametek (Schweizer et al. 1990), which characterizes ripples)sh@lmes, boxiness, struc-
tures etc. (in field SOs) correlates with deviations in théo€EMagnitude diagram towards the
bluer colors (Fritze-v. Alvensleben 2004). This impliesitifiainter SOs contain a statistically
larger number of structures, signifying their lack of sganteractions.

The distribution of spiral galaxies, more abundant in th&dfand in the outer regions of
galaxy clusters, also seems to support the idea that théikalseto have encountered less violent
interactions. Studying the properties of disk galaxies famation of their isolation, Varela et al.
(2004) reported that late type spirals (Sc) are more aburatanngst isolated galaxies, while
lenticulars are abundant in perturbed systems. Also sdlaystems have a remarkable absence
of big, bright and massive galaxies, while the oppositeus for perturbed systems. Since the
bulge properties of early type spirals show significant kirity with those of bright Es and
SO0 bulges, one might expect a significant fraction of earpetgpirals to be closer to denser
environments, than their fainter counterparts, so as tdleeta experience stronger interactions.

A recent observation significant to the subject matter of #tudy is that while the fraction
of Es in clusters remain almost a constant from 0.5 to z = 0, that for spirals decreases and
that for SOs increases by the same factor05(Couch et al. 1998; Fasano et al. 2001). This
has been used to suggest that a large fraction of spiralshmusttransformed to lenticulars in
the last~ 5 Gyrs. Another important factor to note about SOs is thagaificant fraction of
their bulges are as bright as the Es. As higher luminositiesa#ained only by major mergers,
since smaller interactions, or secular evolution for thatter, can not increase the phase space
density by more than a factor of two (see Fritze-v. AlvensteB004), brighter [field] SOs might
be remnants of mergers of (early type) spirals, where thevaaishing or re-distributed angular
momentum preserves the presence of a stellar disk. Thisestgyg strong inter-dependence

between morphological evolution and the cosmologicadatple structure formation.

AcknowledgementsaiVe thank S.K. Pandey, Yogesh Wadadekar and Somak Raychgudhbelpful com-

ments and discussions. CDR and SB thank IUCAA for the hd#pitand the use of facilities there without
which this work could not have been done. CDR thanks CentaadérIndien pour la Promotion de la
Recherche Avancee (CEFIPRA) for a post-doctoral felloshiring which part of the work presented in

the paper has been done.



26 Ravikumar et al.: Photometric Scaling Relations for Giak
References

Anderson, S., 2003, A&A, 409, 37

Andredakis, Y. C., Peletier, R.F., & Balcells, M., 1995, MAR, 275, 874

Balcells, M. & Peletier, R.F., 1994, AJ, 107, 135

Barway, S., Mayya, Y.D., Kembhavi, A.K. & Pandey, S.K., 2083, 129,630

Binggeli, B. & Cameron, L.M., 1993, A&AS, 98, 297

Binggeli, B. & Jerjen, H., 1998, A&A, 333, 17

Bower, R.G., Lucey, J.R., & Ellis, R.S., 1992, MNRAS, 254958

Capaccioli, M., Caon, N., & D’Onofrio, M., 1992, MNRAS, 25323

Couch, W.J. etal., 1998, ApJ, 497, 188

Courteau, S., 1996, ApJS, 103, 363

de Carvalho, R. R. & Djorgovski, S., 1992, 389, L49

de Propis, R. etal., 2003, MNRAS, 345, 725

de Vaucouleurs, G. 1959, Hdb. d. Physik, 53, 311

Djorgovski, S., & Davis, M. 1987, ApJ, 313, 59

D’Onofrio, M., Capaccioli, M., Caon, N., 1994, MNRAS, 2723

Dressler, A., Lynden-Bell, D., Burstein, D., Davies, R. Eaber, S.M.,Terlevich, R.J., & Wegner, G. 1987,
ApJ, 313, 42

Faber, S.M. & Jackson, R.E., 1976, ApJ, 204, 668

Fasano, G. et al., 2001, Ap&SS, 277, 417

Fathi, K. & Peletier, R.F., 2003, A&A, 407, 61

Freeman, K.C., 1970, ApJ, 160, 811

Fritze-v. Alvensleben, U., 2004stro-ph0407358

Gerbal, D., Lima Neto, G. B., Marquez, I., & Verhagen, H., I9MNRAS, 285, L41

Gerbhardt, K. et al. , 2003, 597, 239

Graham, A.W., & Colless, M., 1997, MNRAS, 287, 221

Graham, A.\W., & Ervin, P., & Caon, N., 2001, AJ, 563, 11

Graham, A.W,, & Guzman, R., 2003, AJ, 125, 2936

Grosbgl, P.J., 1985, A & AS, 60, 261

Hinz, J.L., Rieke, G.H., & Caldwell, N., 2003, AJ, 126, 2622

Hubble E. P., 1936The Realm of the NebulagNew Haven: Yale University Press).

Kauffmann, G. & White, S.D.M., 1993, MNRAS, 261, 921

Kelson, D. D., lllingworth, G. D., van Dokkum, P. G., & Frar, 2000, ApJ, 531, 137

Khosroshahi, H.G. et al. , 2004, MNRAS, 349, 527

Khosroshahi, H.G., Wadadekar, Y., & Kembhavi, A., 2000a) 483, 162

Khosroshahi, H.G., Wadadekar, Y., Kembhavi, A., & MobasBer2000b, ApJ, 531, L103

Kormendy, J. 1977, ApJ, 218, 333

Kormendy, J. 1979, ApJ, 227, 714

Kormendy, J.1985, ApJ, 295, 73

Kormendy, J. & Kennicutt, R.C. Jr, 2004, ARA&A, 42, 603

Lima Neto, G.B., Gerbal, D., Marquez, I., 1999, MNRAS, 3081

Lucey, J. R., Guzman, R., Carter, D., & Terlevich, R. J.,19%53, 584



Ravikumar et al.: Photometric Scaling Relations for Gaaxi 27

Lucey, J.R., Guzman, R., Steel,J., & Carter., D. 1997, MI$R287, 899

Lynden-Bell, D., 1967, MNRAS, 136, 101

Marquez, I. et al. , 2000, A&A, 353, 873

Marquez, I. et al. , 2001, A&A, 379, 767

Mathieu, A., Merrifield, M.R., & Kuijken, K., 2002, MNRAS, 3B 251

Mobasher, B., Guzman, R., Aragon-Salamanca, A., & Zept989, MNRAS, 304, 225

Mbllenhaf, C., & Heidt, J. 2001, A&A, 368, 16

Press, W. H., Teukolsky, S. A., Vetterling, W. T., & Flanndsy P. 1992, Numerical Recipes in C (2nd ed.;
Cambridge: Cambridge Univ. Press)

Pedraz, S., Gorgas, J., Cardiel, N.; Sanchez-Blazque2,&uzman, R., 2002, 332, L59

Proctor, R. N. & Sansom, A. E., MNRAS, 333, 517

Ravikumar, C.D., 2004, Phd Thesis, Photometric and Fund@h®lane Studies of Galaxies, Cochin
University, India.

Sandage, A. & Tammann, G. A., 1987, A revised Shapley-Amasl@a of bright galaxies, Carnegie,
Washington (RSA)

Seérsic, J. L 1968, Atlas de Galaxies Australes (Cordobae®atorio Astronomica)

Schweizer, F., 1990, ApJ, 364, 335

Trujillo, I. et al. , 2002, ApJ, 573, 9

Trujillo, I., Graham, A.W., & Caon, N., 2001, AJ, 122, 1707

van den Bergh, S., 1994, AJ, 107, 153

Varela, J. etal. , 2004, A&A, 420, 873

Vazdekis, A., Trujillo, I., & Yamada, Y., 2004, ApJ, 609L, &5

Tully, R.B. & Fisher, J.R., 1977, A&A, 54, 661,

Wadadekar, Y., Robbason, R., & Kembhavi, A., 1999, AJ, 17191

Young, C.K. & Currie, M.J., 1994, 268, 11,



	Introduction
	The Sample
	Morphological Parameters
	Distributions and Correlations
	Distributions
	Correlations
	Kormendy Relation
	Correlations with total luminosity
	The Photometric Plane

	The specific entropy of bulges
	Discussion and Conclusion

