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ABSTRACT

New surface photometry of all known elliptical galaxieslire tvirgo cluster is combined with published data
to derive composite profiles of brightness, ellipticitysgmn angle, isophote shape, and color over large radius
ranges. These provide enough leverage to show that Ségsicdo®" functions fit the brightness profiléér) of
nearly all ellipticals remarkably well over large dynamanges. Therefore we can confidently identify departures
from these profiles that are diagnostic of galaxy formatimo kinds of departures are seen at small radii. All 10
of our ellipticals with total absolute magnituddlst < —21.66 have cuspy cores — “missing light” — at small radii.
Cores are well known and naturally scoured by binary bladesiéormed in dissipationless (“dry”) mergers.
All 17 ellipticals with -21.54 < Myt < -15.53 do not have cores. We find a new distinct component in these
galaxies: All coreless ellipticals in our sample have ekitsht at the center above the inward extrapolation of
the outer Sérsic profile. In large ellipticals, the exceghtlis spatially resolved and resembles the the central
components predicted in numerical simulations of mergégataxies that contain gas. In the simulations, the
gas dissipates, falls toward the center, undergoes a stfrbnd builds a compact stellar component that, as in
our observations, is distinct from the Sérsic-functionmiaody of the elliptical. But ellipticals with extra light
also contain supermassive black holes. We suggest thatattirisst has swamped core scouring by binary black
holes. That is, we interpret extra light components as aasiga of formation in dissipative (“wet”) mergers.

Besides extra light, we find three new aspects to the (“E — EEhatomy into two types of elliptical galaxies.
Core galaxies are known to be slowly rotating, to have nedhtianisotropic velocity distributions, and to have
boxy isophotes. We show that they have Sérsic indices4 uncorrelated withMy 1. They also arev-element
enhanced, implying short star formation timescales. Arairthtellar populations have a variety of ages but
mostly are very old. Extra light ellipticals generally rigaapidly, are more isotropic than core Es, and have disky
isophotes. We show that they hawe- 3+ 1 almost uncorrelated witWy 1 and younger and less-enhanced
stellar populations. These are new clues to galaxy formative suggest that extra light ellipticals got their
low Sérsic indices by forming in relatively few binary mergewhereas giant ellipticals hame> 4 because they
formed in larger numbers of mergers of more galaxies at ohcelater heating during hierarchical clustering.

We confirm that core Es contain X-ray-emitting gas whereasadight Es generally do not. This leads us to
suggest why the E—E dichotomy arose. If AGN energy feedbaglires a “working surface” of hot gas, then
this is present in core galaxies but absent in extra liglebgas. We suggest that AGN energy feedback is a strong
function of galaxy mass: it is weak enough in small Es not &vpnt merger starbursts, but strong enough in giant
Es and their progenitors to make dry mergers dry and to protdctellar populations from late star formation.

Finally, we verify that there is a strong dichotomy betweHiptical and spheroidal galaxies. Their properties
are consistent with our understanding of their differentrfation processes: mergers for ellipticals and conversion
of late-type galaxies into spheroidals by environmentala$ and by energy feedback from supernovae.

In an Appendix, we develop machinery to get realistic erstineates for Sérsic parameters even when they are
strongly coupled. And we discuss photometric dynamic ramgeeessary to get robust results from Sérsic fits.

Subject headinggjalaxies: elliptical and lenticular, cD — galaxies: evaat— galaxies: formation —
galaxies: nuclei — galaxies: photometry — galaxies: struect

1. INTRODUCTION 1985; Schweizer 1989; Kauffmann et al. 1993; Steinmetz &
This is the first of a series of papers in which we study Navarro 2002). What questions remain unanswered?
elliptical galaxies by combining new surface photometrghwi We focus on two well-known dichotomies. We confirm that

published data to construct composite brightness profilesthere is a physical difference between elliptical and spicef
over large radius ranges. This approach has two strengthsgalaxies. This has been much criticised in recent liteeatur
Combining data from many sources allows us to reduce With photometry over large dynamic ranges, we find that
systematic errors arising (e. g.) from imperfect sky sudtina. elliptical and spheroidal galaxies have very differengpaeter
Having accurate profiles over large radius ranges providescorrelations. This result is consistent with our underdiag of
leverage necessary for reliable conclusions about prdfdpes their differenct formation processes. Spheroidals ardavet
and what they tell us about galaxy formation. luminosity ellipticals but rather are defunct late-typdayées
What is at stake? We have a formation paradigm. We believetransformed by internal and environmental processes. érskc
that galaxies grow as part of the hierarchical clusterira th  dichotomy is the main focus of this paper. Why are there two
makes all structure in the Universe. Ellipticals form in leiat kinds of elliptical galaxies? We suggest an explanationat th
galaxy mergers that often include gas dissipation and starthe last major mergers that determined the present-dagtsteu
formation (Toomre 1977; White & Rees 1978; Joseph & Wright either did or did not involve cold gas dissipation and stestsu

1Based on observations made with the NASA/EISdbble Space Telescopebtained from the Data Archive at STScl, which is operatedbRA, Inc., under
NASA contract NAS 5-26555. These observations are assocwith program numbers 5999, 6107, 6357, 6844, 7868, 8684, %nd 10558.

2Based on observations obtained at the Canada-FranceiHEstescope (CFHT), which is operated by the National Rese@ouncil of Canada, the Institut
National des Sciences de I'Univers of the Centre Nationdhdecherche Scientifique of France, and the University ofaiia

3Based in part on observations obtained with the Hobby-FBEslescope, which is a joint project of the University of Eigxat Austin, the Pennsylvania State
University, Stanford University, Ludwig-Maximilians-lrersitat Miinchen, and Georg-August-Universitat Goting
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2. TWO DICHOTOMIES
2.1. Elliptical Versus Spheroidal Galaxies

In a pioneering paper, Wirth & Gallagher (1984) suggested
that compact dwarf ellipticals like M 32 and not — as previgus
thought — diffuse “spheroidal” dwarfs like NGC 205 are the
extension to low luminosities of the family of giant ellipdils.
This was based on the identification of several free-flyingaV 3
analogs, implying that the compactness of the best knownfdwa
Es—-M32, NGC 4486B, and NGC 5846A (Faber 1973) —is not
due only to tidal pruning by their giant galaxy neighborsrtWi
and Gallagher hypothesized that ellipticals and sphel®ida
form disjoint families overlapping for15 > Mg 2 -18 but
differing in mean surface brightnes\g =-15 “by nearly two
orders of magnitude”. This implied that the luminosity ftina
of true ellipticals is bounded and that M 32 is one of the fesit
examples. The latter result was confirmed for the Virgo elust
by Sandage et al. (1985a, b) and by Binggeli et al. (1988).

Kormendy et al.

plane correlations (Lauer 1985b). Kormendy found a cldarcu
dichotomy between E and Sph galaxies. Fainter spheroidals
have lower central surface brightnesses. In fact, sphaiid
have almost the same parameter correlations as spiralygala
disks and Magellanic irregular galaxies. These results are
most clearly seen in correlations between central prageibiut
they are also evident in global properties (Kormendy 1987b;
Binggeli & Cameron 1991; Bender et al. 1992, 1993). The
brightest spheroidals “peel off” of the correlations faeldype
galaxies and approach the E sequence, but they are rare, and
the two sequences remain distinct (Kormendy & Bender 1994).
The E—Sph dichotomy is illustrated in Figure 1.

Kormendy (1985b, 1987b) concluded that E and Sph galaxies
are distinct types of stellar systems with different forimat
processes. Spheroidals are physically unrelated to ieHigt
Figure 1 hints that they are related to S+Im galaxies. They
may be late-type galaxies that lost their gas or processed it
all into stars. Relevant evolution processes include super

Kormendy (1985a, b, 1987b) used the high spatial resolution driven energy feedback (Saito 1979a, b; Dekel & Silk 1986;
of the Canada-France-Hawaii Telescope to obtain surfaceNavarro et al. 1996; Klypin et al. 1999; Veilleux et al. 2005)

photometry of the cores of bulges and elliptical galaxies.
He showed in larger galaxy samples that ellipticals form a

ram-pressure gas stripping (Lin & Faber 1983; Kormendy
1987b; van Zee et al. 2004a, b), stochastic starbursts [@&ero

well defined sequence in parameter space from cD galaxieset al. 1980), and galaxy harrassment (Moore et al. 1996,)1998

to dwarfs like M32. Lower-luminosity ellipticals are more
compact; they have smaller core radii and higher centrédsar

Additional differences diagnostic of formation processes
include luminosity functions (8 8) and rotation propertieaint

brightnesses. These are projections of the core fundaimentags are rotationally supported, and some Sph galaxies &, al
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FiG. 1.— Schematic illustration of the dichotomies discussetiis paper. The figure sketches the correlation betweahabsolute magnitude and central surface
brightness (for spheroidal and irregular galaxies, gatdisis, and globular clusters) or the highest surface brgt resolved by thdubble Space Telescoffier
elliptical and cD galaxies). Surface brightnesses apptéomain bodies of the galaxies; that is, nuclear star alsisted active galactic nuclei are omitted. This
figure is adapted from Binggeli (1994) but with the dichotobegween “core” and “power law” ellipticals —i. e., the distiauity in E points atMg ~ —20.5 — added
from Faber et al. (1997). M 32 is one of the lowest-luminositie ellipticals; the arrow points from the maximum surfacightness observed at a distance of 0.8
Mpc to the lower limit that would be observed if the galaxy evemoved to the Virgo cluster. M 32 resembles the faintegitaléls in Virgo. The distribution of Sph
and SIm galaxies is disjoint from that of ellipticals. Sph andll® galaxies have similar global parameters at low luminesjtout the most luminous spheroidals
“peel off” of the distribution of late-type galaxies towahijher surface brightness. Spheroidals With < —18 are rare, so the degree to which the Sph sequence
approaches the E sequence is poorly knogueétion mark Note: Binggeli (1994) and some other authors call sphatajalaxies “dwarf ellipticals” (dEs). We
do not do this, because correlations like those in this figmebin Figures 34 —38 and 41, as well as the considerationasdied in § 2.1 and § 8, persuade us that

they are not small ellipticals but rather are physicallated to late-type galaxies.



ELLIPTICAL GALAXIES
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FiG. 2.— Revision of Hubble's (1936) morphological classifieatscheme proposed by Kormendy & Bender (1996). Here ielifst are not classified by
apparent flattening, which in large part encodes our viegimmetry. Rather, they are classified according to whelttegrshow boxy or disky isophote distortions.
This is also the dichotomy between ellipticals that do andiatchave cuspy cores (Fig. 1); it is the one summarized in .880%y-core galaxies tend to rotate less
and to be more dominated by velosity dispersion anisotsojhien are disky-coreless galaxies. Therefore the reviasdification orders galaxies along the Hubble
sequence by physically fundamental properties, i. e., yrttreasing importance from left to right of ordered ratatas compared with random internal velocities.

(Pedraz et al. 2002; van Zee et al. 2004b), but many are non<formation happens (Moore et al. 1996, 1998). This provides

rotating and anisotropic (Bender & Nieto 1990; Bender et al. a natural explanation for why the Sph sequence peels off the

1991; Held et al. 1992; Geha et al. 2002, 2003, 2006; ThomasS+im sequence at high galaxy luminosities (Figure 1).

et al. 2003, 2006). Possible explanations include galaxy If E and Sph galaxies formed a continuous family, it would

harrassment (Gonzalez-Garcia et al. 2005) and rapid eiquans be surprising to conclude that different formation proesss

after baryonic blowout (Dekel & Silk 1986; Hensler et al. 200 dominated at high and low luminosities, with major mergers
The dichotomy has been challenged by Jerjen & Binggeli making ellipticals but not spheroidals (§ 13, Tremaine 1981

(1997); Graham & Guzman (2003); Graham et al. (2003);

Truijillo et al. (2004), and Gavazzi et al. (2005). They arthat 2.2. The Dichotomy Into Two Kinds of Elliptical Galaxies

Sph parameters are continuous with those of low-lumin@sty There are two kinds of elliptical galaxies: (1) Normal- and
Wh|le_br|ght Es deviate from these correlations only beeaus low-luminosity ellipticals rotate rapidly; they are refeatly
scouring by binary supermassive black holes (BI-_|s) excavate isotropic, oblate-spheroidal, and flattened (E3); they are
cores. Anothgr argument is that the .corr.ela_t|on bgtween coreless, and they have disky-distorted isophotes. Mdgebu
brightness profile shape and galaxy luminosity is contisuou ¢ gisk galaxies are like low-luminosity ellipticals. In ast,
from Es through Sphs. Recently, Ferrarese et al. (20Gtighie (2) giant ellipticals are essentially non-rotating; these a

forcefully against the E — Sph dichotomy based on ST 5 jisotropic and triaxial; they are less flattened (E1. 3y thave

photometry of Virgo cluster galaxies. For these reasond, an ,qny cores, and they have boxy-distorted isophotes. These

because we need to settle the controversy in order to define ou g/ jits are established in Davies et al. (1983); Kormendy &

sample of ellipticals, we return to the issue in §8. Becahise t inq\yorth (1982); Bender (1987, 1988a); Bender, Dobege

fundamental plane of ellipticals is so thin (8 3), we will fitiédt ¢ ‘\gllenhoff (1987); Bender et al. (1989); Nieto & Bender

E and Sph galaxies are cleanly distinguishable. (1989); Nieto et al. (1991); Kormendy et al. (1994, 1996a);
At stake are the different formation mechanisms of small | 5 er et al. (1995); Kormendy & Bender (1996); Tremblay

ellipticals and big spheroidals. We have good reasons tevsel g \jeritt (1996); Gebhardt et al. (1996); Faber et al. (1997)
that ellipticals form via galaxy mergers. We also know that rast et al. (2001), Ravindranath et al. (2001): Lauer et al.

many spheroidal satellites of our Galaxy are defunct irf@agu (2005, 2007b); Emsellem et al. (2007), and Cappellari et al.

Their intermediate-age stellar populations (see Da Ca8% 1 5007). The differences between the two kinds of elliptcat

for a review) tell us that dim galaxies have gradually come@r  ¢,,qamental. They motivated Kormendy & Bender (1996) to
themselves into dSph galaxies via episodic star formaken.  qqes that the Hubble sequence be revised (Figure 2) 50 tha
example, the Carina dSph is made up of two stellar populstion - o+ation increases in importance and random motions dserea

15-20% of the stars are 12—-15 Gy old, bu80% of the in im

. portance along the Hubble sequence from boxy Es through
stars are 6-8 Gy old. Kormendy & Bender (1994) emphasize g¢q ‘The “E —E dichotomy” is the main subject of this paper.
that there must have been gas7 Gyr ago to make these

stars. Gas-rich, star-forming dwarfs are Magellanic tegs. 3. REGULARITY IN THE STRUCTURE OF ELLIPTICAL GALAXIES
We know less about the formation of spheroidals in Virgo,
although additional signs that Sph galaxies are relatedtés |
type galaxies are observations of spiral structure (Jezjeal.
2000) and star formation (Lisker et al. 2006). It is natucal t
expect that galaxy harrassment would convert larger gie-t
galaxies into Sphs in Virgo than in the Local Group. Moregver
one effect is to concentrate gas toward the center before sta

Why do we think that surface brightness profiles can tell us
about the formation of elliptical galaxies?

Our picture of hierarchical clustering implies that difat
galaxies are the products of different merger historieshictv
different progenitor morphologies and encounter geometri
produce a variety of results. It is remarkable that the rertma
of such varied mergers show regularity that we can interpret

"Ferrarese et al. (2006a) argue against both dichotomiessdisd in this paper. We discuss our procedures and anialyisesmain text and save a comparison of
our differences with Ferrarese et al. (2006a) for Appendi©Br paper and theirs are independent looks at the samessaising similar analysis techniques.
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In fact, ellipticals show surprising regularity in structu
Interpreting these regularities — and departures from théas
been a profitable way to study galaxy formation.

A well known example is the “fundamental plane” of
elliptical galaxies. Their half-light radii, effective surface
brightnesseg(re), and velocity dispersions interior tore lie
in a tilted plane in parameter space (Djorgovski & Davis 1,987
Faber et al. 1987; Dressler et al. 1987; Djorgovski et al.8198
Bender et al. 1992, 1993), o ¢+4+0.150.9+0.1 '\whose scatter

Sloan Digital Sky Survey (Stoughton et al. 2002; Abazajian e
al. 2003, 2004, 2005).

Our aim is to exploit the significant improvements in the
dynamic range of brightness profiles that can be gained by
combining data from a variety of telescopes. Intercomparis
of these data allows us to reduce systematic errors. Confirmi
previous work, we find that Sérsic functions fit many elliptc
over large radius ranges. As a result, we can derive more
accurate values offe, e, and Sérsic index.. This allows

is similar to the parameter measurement errors (Saglia. et al us to improve the derivation of parameter correlations. tMos

1993; Jagrgensen et al. 1996). This is a consequence of thke vir

important, the robust detection of Sérsic profiles overdarg

theorem and the fact that ellipticals are nearly homologous radius ranges allows us reliably to see departures fromethes

over a wide range in luminositids. Slow variations withL
in density profiles, velocity structure, and mass-to-ligdtio

profiles that are diagnostic of galaxy formation mechanisms
One purpose of this paper is to expand on a result

M/L « L%? combine to give the fundamental plane slopes summarized in §4.2. We enlarge the sample on which it is

that are slightly different from the virial theorem predbet,
re oc o2 132, for exactly homologous galaxies.

based by measuring all known elliptical galaxies in the ¥irg
cluster as listed in Binggeli et al. (1985) and as confirmed

The part of the near-homology that concerns us here is theby radial velocities. The sample and the new photometry are

slow variation of profile shape with. Kormendy (1980),

discussed in 885 and 6. Tables of composite profiles are

Michard (1985), and Schombert (1986, 1987) found that included. Section 7 illustrates these composite profileallof

the de Vaucouleurs (1948)74 law fits ellipticals best at
Mg ~ —20.2 (Ho = 70 km s* Mpc™t; Komatsu et al. 2008).
More (less) luminous ellipticals have brighter (faintegter
profiles than the extrapolation of the best-fitting* law.
Schombert (1986, 1987) provides a nonparametric illustmat
by deriving average profiles for ellipticals binned by luwsity.
Nothing guarantees that any simple parametrization of [@ofi
variations describes the results of mergers and dissipativ
starbursts.However, Nature proves to be extraordinarily kind.
The theme of this paper is that Sérsic (1968&)I(r) oc rt/
functions fit most ellipticals remarkably well. The resslthat
local departures from the fits and correlations involving ffit
parameters provide new insights into galaxy formation.

Caon et al. (1993) were the first to prove thf functions
fit ellipticals better than do'/* laws. This is not a surprise —
r’/n laws have three parameters whil&* laws have two.
Kormendy (1980, 1982) and Kormendy & Djorgovski (1989)
emphasized that elliptical galaxy profiles are close endogh

the galaxies. Sections 8 —13 discuss our conclusions.

4. CUSPY CORES AND “EXTRA LIGHT” AT THE CENTERS OF
ELLIPTICAL GALAXIES

4.1. A Digression on Analytic Fitting Functions

“Cuspy cores” are defined to be the region interior to the
“break radius’r, wherel(r) breaks from a steep outer power
law, | oc r™?, to a shallow inner cusp,o r™. This region of
the profile can conveniently be parametrized as:

() = 1y 25 (é)7 [1+ <rr_b>°‘] _[ (1)

wherely, is the surface brightness g and « measures the
sharpness of the break (Kormendy et al. 1994; Lauer et ah;199
Byun et al. 1996; cf. Lauer et al. 1992b; Ferrarese et al. 1994
for earlier, simpler versions).

Since Equation (1) is asymptotically a power law at large

| o< r2 power laws — which have only one parameter — so that does not fit Sérsic profiles, nor was it devised to do so. Rather
accurate photometry over a large radius range is required toit was devised to fit central profiles in the vicinity of the ke
derive even two parameters. Three-parameter fits can iavolv radius in order to derive core parameters. This was done in
so much parameter coupling that the results are useless. ThiByun et al. (1996) and in Lauer et al. (2005, 2007b) and used
was true in the era of photographic photometry (see Fig. 12 to study core parameter correlations in Faber et al. (198d) a

in Kormendy 1982 for an example). It is no longer true,

in Lauer et al. (2007a). Graham et al. (2003, 2004) and Tauijil

because CCDs provide more accurate photometry and becauset al. (2004) advocate replacing Equation (1) with an amalyt

the Hubble Space TelescofelST) has greatly increased the
dynamic range by providing PSF-corrected photometry inwar

“core-Sérsic function” that becomes Sérsic at largehis is
a plausible idea, but making it uncovers a problem with any

to radiir ~ 0”1. Improved data now support three-parameter attempt to fit cores and outer profiles with a single analytic
fits, and Caon and collaborators argue convincingly that the function. Analytic functions are stiff. Their core and oute

Sérsic indexn has physical meaning. For examptesorrelates
with the effective radius, and total absolute magnitudiés of
the elliptical or bulge. These correlations have been cowefir
by D’Onofrio et al. (1994); Graham et al. (1996); Graham &
Colless (1997); Graham (2001); Truijillo et al. (2001, 2Q02)
Ferrarese et al. (2006a), and others.

parameters are coupled in a way that depends on the chosen
fitting function. This is why Trujillo et al. (2004) get sligi
different parameter values than those derived using Equati
(1). Core parameters inevitably depend on the parametigat
Lauer et al. (2007b) provide further discussion. The sofuis

to avoid fitting functions that are complicated enough tailtes

This rapid progress slowed down as the easy results enabledn large, coupled errors in the derived parameters.

by CCDs were derived. Now, however, an important iteration

in quality is within reach. The shortcoming of most CCD
photometry is limited field of view. Many published profiles

Therefore, we do not use one fitting function to parametrize
all of a profile whose form is nowhere analytic and whose
underlying distribution function is controlled by differe

do not reach large radii and may be affected by sky subtmactio physics at different radii. Rather, we fit the profile piecssvi
errors. However, images are now available from a variety of That is, we fit the outer profile using a Sérsic function over th
wide-field, mosaic detectors and surveys such as the 2MASSradius range where it fits well (8 7.2; Appendix A). Departure
survey (Jarrett et al. 2003; Skrutskie et al. 2006) and the from these fits are measured non-parametrically.
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4.2. “Extra Light” at the Centers of Elliptical Galaxies

One new result of this paper is confirmation in a larger
sample of galaxies of an effect seen by Kormendy (1999). It
is illustrated in Figure 3. NGC 4621, NGC 3377, and M 32
are normal ellipticals with absolute magnituddg = —21.54,
-20.18, and-16.69, respectively. Their main bodies are well
fitted by Sérsic functions. At small radii, the behavior oé th
profile is opposite to that in a core galaxy — there is extriatlig
compared to the inward extrapolation of the outer Sérsic fit.
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Fic. 3.— Composite major-axis brightness profiles of coreldgtieal
galaxies fitted with Sérsic functionsdlid curve$ with indexn (see the key
This figure is from Kormendy (1999).
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Kormendy (1999) pointed out that the extra light is similar
to predictions by Mihos & Hernquist (1994) of high-density
centers produced by dissipative mergers (Figure 4). Imr thei
simulations, the excess light is a result of rapid inwardgport
of gas during the merger followed by a starburst. The traomsit
from starburst center to outer profile occurs~a#t % of the
effective radiuge. The radii of the observed breaks from the
r1/M laws bracket 0.04, in Figure 3. The observed transitions
are less sharp than the ones in the simulations, but the ncaher
prescriptions used for star formation and energy feedbaxk w
approximate. Interestingly, the observed departures 8érsic
function fits are larger in smaller galaxies; observationgly
more dissipation at lower galaxy luminosities (e. g., Konahg
1989). It was too early to be sure of an interpretation, but
Kormendy (1999) noted that the observations are suggestive
dissipative starbursts. We will reach the same conclusion.

T

mass
0

log 2

mass
0

log 2

R(1/4)

FIG. 4.— Luminous mass density profiles of merger remnants foggmitor
galaxies consisting ofdp) a disk and a dark halo antidttorn) a disk, a bulge,
and a dark halo. These results are basedNdrody simulations with gas.
During the merger, the gas falls to the center and producesStarburst”
density distribution. Note that the outer profiles are battescribed by Sérsic
functions than by/4 laws. This is Figure 1 from Mihos & Hernquist (1994).



TABLE 1
VIRGO CLUSTER GALAXY

SAMPLE

Parameters from major-axis Sérsic fit

Parameters from 2-D eriofiéggration

Galaxy VCC Type Type Type D \% AV \%: Ay Myt n eV re log(re) eV re log(re) Percentage
RC3 VCC Adopted (Mpc) (arcsec?) (arcsec) (kpc) (arcsed) (arcsec) (kpc) Extra Light
@ @ @3 (4 ®) (6) @ ®) © @0 (11 (2) (13) (14) (18) (16) an (18) 19)
NGC 4472  VCC1226 E2 E2/3(2) E2 17.14 812 -012 800 0072 -2324 599531 2337011  26929'23¢ 135070057 22734018  19444+17.0 1208+0.040 -0.50+0.05
NGC4486  VCC1316 -lpec EO El 1722 830 -000 830 0072 -2295 1184175 2571033 703917233 176934 23164078 19441+633 1210+0.171 -42 +£10
NGC 4649  VCC1978 E2 S@®) E2 17.30 866 -013 853 0.086 -2275 53623 22417018 1320578 10449057 22344020 12816+111 1031+0.039 -1.05+0.07
NGC 4406  VvCCO0881 E3 S)/E3 E3 16.83 856 -003 853 0.096 -2269 1027342 276304 234162'523 22810893 2285+0.10 20269+ 146 1218+£0032 -0.17+0.01
NGC4365  VCCO0731 E3 E3 E3 2333 9.46-019 927 0.068 -2263 7117042 23807318 1842214 13193388 23044021 12806+113 1161+0.040 -0.63+0.07
NGC4374  VCCO0763 E1 E1 E1 1845  9.03-020 883 0.131 -2263 79857 2309227 14208133 1.10490% 22694023 11371+108 1007+£0.043 -152+0.05
NGC4261  VCCO0345 E2 E2 E2 31.6 1022 -026 9.96 0059 -2260 749282 2326'031 999738 11853368 22594016 7296+ 6.4 1048+0.040 -1.84:+0.05
NGC4382  VCCO0798 SAfpec  SQ(3)pec E2 17.86 893 -0.11 882 0101 -2254 6127037 22807517 128891192 10489052 21654012 10228+ 63 0.947+£0.028 -0.18+0.06
NGC4636  VCC1939 EO E1/SQ(1) E3 147 897 -0.14 883 0090 -2210 56533 2442703  33603'53] 1379397 23144016 18335+146 1116+0.036 -0.22+0.04
NGC4552  VCC1632 ED S0,(0) E1 1585  9.67 -020 9.47 0133 -2166 922712 2372:0%%  1386073¢ 10279999 2304+024  9496+113 0.863+0.055 -1.23+0.09 =
NGC4621  VCC1903 E5 E4 E4 1493  957-013 944 0107 -2154 536703 220331 74637452 07335026 2254+021 95844807  0841+0038  027+0.06 %
NGC4459 ~ VCC1154  SAD S0:(2) E2 16.07 10.30 -0.06 1024 0.149 -2094 31733 214501 429713 0525901  2141+007  4157+185  0510+0.020  430+0.56 3
NGC4473  VCC1231 E5 E5 E4 15.28  10.19-0.09 10.10 0.092 -2091 4007318 216332 51791 0584003 2146+010 47714254  0548+0024 88 +10 <
NGC 4478  VCC1279 E2 E2 E2 16.98  11.46-001 1145 0.080 -1978 20738 199509 1343728 0.04490% 1985007 13284043  0039+0014 11240155
NGC4434  VCC1025 E E0/S(0) EO 2239 1228 -002 1226 0.072 -1956 334320 206531 1080704} 00693315 2080+£009  1133+048  0090+0019  082+0.20 2
NGC 4387  VCCO0828 E E5 E4 17.95 12.27-002 1225 0.107 -1913 203258 2059700 1437922 00975937 2056+0.06  1433+052  0096+0016  093+0.11
NGC4551  VCC1630 E: E2 E3 16.14  12.09-0.01 1208 0.125 -1909  1983%% 20759% 1551333 0.0843%% 2076+£007  1579+054  0092+0015  215+0.10
NGC 4458  VCC1146 ED E1 El 16.37 1226 -007 1219 0077 -1896 253014 2166'0%2 1857953 01685919 2157+007  1796+069  0154+0017 675035
NGC 4486A VCC 1327 (E2) E2 E2 18.28  1255-0.02 1253 0077 -1886 204313  19.54'319 69993  -0.2083%22 19634006 744+026 -0181+0015  282+0.32
NGC4515  VCC1475 SO E2 E2 16.60 12.68 -0.03 1265 0.101 -1856  336'3¢2 216433 141932 0.0582%2  2082+0.10  1010+040 -0.090+0018 126 +1.1
NGC 4464  VCC1178 (E3) E3 E3 1585 12.67-001 12.66 0.071 -1840  2459% 198635 728915 -02529%1 19924008 7554028 -0.236+0016  538+0.21
NGC 4486B VCC 1297  cEO El El 16.29  13.43-0.01 1342 0.069 -17.71  220:3% 18407311 251912 -0.7043%% 18454007 2544009 -0.698+0.016  577+043
IC 3653 vcCc1871  E? E3 El 1549  13.72-001 1371 0.101 -1734  1732% 207333 6.74'017  -0.296'0311  2077+0.05 713£021 -0271+0013  156+0.02
NGC4467  VCC1192 E2 E3 E2 16.53  14.29-005 14.24 0.074 -1692  191:3%% 20513333 489308 -0.406'33%2  20.91+0.07 586+0.18 -0.328+0013  233+0.07
IC 0798 VCC 1440  (EO) EO EO 16.00 14.35-0.09 1426 0.088 -1685 33701 22147912 83804  -0.1875028  2208+0.09 7924035 -0.212+0.020  Q91+0.01
VCC 1627  (EO) EO EO 15.63 14.67 -0.01 1466 0.127 -1644  2130% 20517304 37138 -0.5529%7  2057+0.07 386+0.13 -0534+0015  219+0.05
VCC 1199 (E2) E2 El 16.53 15.64 -0.01 1563 0.071 -1553 190095 2014004 2.09%04 07759007 2028+ 0.06 2224007 -0.749+0.014 5104030

-0.05

—-0.04

—-0.04

=0.008




TABLE 1
VIRGO CLUSTER GALAXY SAMPLE

Parameters from major-axis Sérsic fit Parameters from 2-D eriofiéggration
Galaxy VCC Type Type Type D \% AV i Av Myt n eV re log(re) eV re log(re) Percentage
RC3 VvCC Adopted  (Mpc) (arcsec?®)  (arcsec) (kpc) (arcse®) (arcsec) (kpc) Extra Light
1) @ @) (4) ) (6) @ ®) © @) @11 (12) (13) (14) (15) (16) (17) (18) (19)
NGC4482 VCC1261 E d:E5N Sph,N 1811 13.06-0.02 13.04 0.092 -1835 140398 2233354 2475943  0337°90% 22224006 2322+073  0309+£0014 40 £05
IC 3381 VCC 1087 E dE3,N Sph,N 16.67 13.61 -0.13 1348 0.085 -17.71  154'057 2273008 2188078  0248051% 22824005 2266+£0.72  0263+£0.014 0274001
IC 3442 VCC 1355  EO: dE2N SphN 1690 13.94-0.14 1380 0.111 -1745 145908 2397057 30817037 0402001 24214006 3393+092 044440012 0174001
IC 0809 VCC1910 E dELN SphN 1607 13.74-0.02 1372 0.098 -17.41 141305 2187355 1214312 -00240%5% 2202+005 1319+035 0012+0012 047+003
IC 3470 VCC 1431 E? dEON SphN 1614 13.87-002 1385 0.175 -1736 149703} 216893% 98731  -011230%% 2163+£005 9834028 -0.114+0012 064:+0.03
IC 3509 VCC 1545  (E4) E4 Sph,N  16.83 14.35-010 14.25 0.134 -17.02 27333 230533 15207330 00942508 2288+008 1415+£0.56  0062+0.018 Q15+0.01
IC 3461 VCC 1407 E? dE2N Sph,N 1675 1456-0.05 1451 0.101 -1671 182212 23013058 1382047 00501031 22954007 1316+043  0029+0015 Q40+0.02
IC 3635 VCC 1828 (dENN) dE2N SphN 1683 14.73-008 14.65 0.119 -1661 1637037 236753 200658 02143312 2367+£007 19374063  0199+£0014 021+0.01
vCcC 1185 E? dE1,N SphN  16.90 14.99-0.07 14.92 0.073 -1630 150730 2403204 1844337 01793558 24024006 1811+£053  0171+0013 052+001
IC 3490 VCC 1489 E? dE5,N? Sph,N 1653 1551004 1547 0.120 -1575  112%90% 2358907 15777922 01023938 2351+£004 15134040  0084:+0012 Q17:£0.02
NGC 4570 VCC 1692 SO/ SO7)/E7 S0 17.06 1098 -0.02 11.67 0.071 -1956 369+050  19.77 115 -0.022
NGC 4660 VCC 2000 E: E3/S() S0 1500 11.28 -007 1151 0.107 -1948 443+038 19.57 10.5 -0.117
NGC 4564 VCC 1664 E E6 S0 15.85 11.25-0.09 11.66 0.113 -1945 469+020  20.81 16.8 a2
NGC 4489 VCC1321 E SQ1) S0 1542  12.32 -001 1353 0.090 -1750 2322+057  20.04 47 -0.453
NGC 4318 VCCO0575 E? E4 S0 2208 13.36-001 1553 0.081 -1627 2054037 18.00 0.88 -1.025

NoOTE.— Galaxy types in columns (3), (4), and (5) are from RC3 (an fparentheses, from NED), from the VCC catalog (Binggeéilef985) and as adopted based on our photometry. Isophotaitwaesy (column 7) are calculated by integrating
our observed/-band surface brightness and ellipticity profiles out tol#s¢ data point in Table 4 (available in full in the electmaition). Column (8) gives an approximate correction f\rio the total magnitude (column 8), calculated by integrating
the best-fit Sérsic function (or, in the case of S0Os, the sutlheobest-fit Sérsic function and exponential disk profile)eoy large radii. Galactic absorptions are from Schlegal €t1998). We use individual distancBgColumn 6) from Mei et al. (2007)
or, for NGC 4261 and NGC 4636, from Tonry et al. (2001). VCC2,1¢CC 1199, and VCC 1489 do not have distance measurementsiietldle (2007); for these, we used the mean distance for “QJl §falaxies (no W cloud)” given in Table 3 of
Mei et al. (2007). Note that four galaxies with> 20 Mpc are in the background of the main Virgo cluster. Thealt@bsolute magnitudeédy T in column (11) are based af, Ay, andD. For SO galaxiesy and AV refer to the whole galaxy, bir
andMyt refer to the bulge component. Adopted bulge-to-total lunityastios areB/T = 0.63 from our decomposition for NGC 4564 (cf. 0.71 in Scorza 1888 via a decomposition based on redu@ngo zero), 0.75 from out decomposition for
NGC 4660 (cf. 0.78 in Scorza & Bender 1995), 0.33 for NGC 4488 (paper), 0.52 for NGC 4570 (this paper; cf. 0.36 in Buns1®79), and 0.13 for NGC 4318 (this paper). Column (12) gthesSérsic index of the major-axis profile fit illustrated in
Figures 11 — 32 and 49 — 72, and columns (13) — (15) give thesmmoreling major-axi¥' -band effective brightnegsey not corrected for Galactic extinction and effective (Hajfit) radiusre. Note that these are not estimates of the true half-light radi
and surface brightnesses but rather are parameters of theaaqrofile. True half-light radii and surface brightses are calculated “nonparametrically” by integrating the-timensional brightness profiles (that is; ande) and are tabulated in
columns (16) — (18). Finally, column (19) gives the percentzfghe total light (column 9) that is present near the centeralthe inward extrapolation of the Sérsic function fit. It&culated from the fit and from the two-dimensional brigssprofile
includinge(r). Itis < O for core galaxies. The quoted errors are internal. Theglaneinated by the uncertainty in what value(s) of elliptiaitg should use for the Sérsic profile that “underlies” the galarofile. For the calculation of extra or missing
light, we generally assumed thats the value atp,n, the minimum radius of the profile points used in the Sérsic fite €rror bars are based on reasonable extrapolatiar{s)dfom the Sérsic region into the region of extra light. For §1@459 and
NGC 4486A, the percent extra light is corrected approxinydtal residual dust absorption in the profile using a Sérsicfion interpolation between the central brightness aedrthermost profile points outside the prominent dust disk. féreent
extra light for NGC 4482 is calculated consistently with tiker values, but it should not be interpreted in the same wdgrahe other spheroidals. Figure 25 shows that the prdfifleeomain body of NGC 4482 is not a Sérsic function, and theaextr
light above the Sérsic fit but outside the prominent nuclessbieen included in Table 1. Interior t¢ Tadius, the “extra light” in the nucleus is consistent witllues given in Table 1 for other spheroidals. We emphasizetanissing or extra light
percentages and their errors quoted above are based orrghef8@éction fits at large radii and are therefore model-delpat. For this reason, external errors cannot realiftibal estimated.
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5. GALAXY SAMPLE 5.2. Construction of Galaxy Sample

Table 1 lists our sample ordered by total absolute magnitude Our sample was constructed as follows. We started
Myt (column 11) determined from our photometry. The Virgo with the 30 galaxies that Binggeli et al. (1985) classify
cluster has depth along the line of sight, so we use indiVidua as E and list as Virgo cluster members. We added M 32
galaxy distances from Mei et al. (2007) or from Tonry et al. analogs from Binggeli’s Table XIII after eliminating SO, I5p
(2001). Galactic extinctions are from Schlegel et al. (1998 and background galaxies, provided tHdST photometry is

We wish to study all elliptical galaxies in the Virgo cluster available. We added SOs wiMy < -21.5 and checked which
Distinguishing elliptical (E), SO, and spheroidal (Sphleg&es are ellipticals using our photometry. The tendency to dfiass
is nontrivial but important, because different types ofagés giant Es as SOs results mainly from thMy — n correlation.
are likely to have different formation processes. To cartita Giant ellipticals have Sérsin > 4; i.e., shallow brightness
pure sample of ellipticals, we erred on the side of cautich an profiles at large radii. Absent quantitative photometrgsth
included galaxies with uncertain classifications (e.gS®/ halos look similar to SO disks when galaxies are seen not
We then used the photometry to resolve problem cases. Hownearly edge-on. Ellipticals can also get misclassified as SO
we distinguish E and Sph galaxies is discussed in § 8. How wewhen they contain prominent nuclear dust disks (NGC 4459)
distinguish E and SO galaxies is discussed here. or asymmetries diagnostic of unfinished mergers (NGC 4382).

We obtained photometry of the combined sample plus the most

5.1. The Distinction Between Ellipticals and SO Galaxies  elliptical-like Sph galaxies (called dE in Binggeli et ab85)
as identified by previous authors in parameter correlatidres
then identified SO and Sph galaxies based on our photometry.
However, we retain Sph and SO galaxies in Figures 34-38 to
illustrate how we distinguish the different types. Thisgadure
resulted in the sample of 27 elliptical galaxies in Table tiree
are now known to be background galaxies; we keep them but
do not include them in Virgo statistics.

Clearly we cannot be sure that we found all Virgo ellipticals
Some omitted galaxies that Binggeli et al. (1985) list as
possible members will prove to be members. Some spheroidals
_listed by Binggeli may turn out to be misclassified elliptica
'We describe our sample as “all known Virgo ellipticals”,

recognizing that future work may find a few more. We defined
our sample carefully and tried not to omit galaxies with $alec
hiSproperties whose lack would bias our conclusions.

If we want our classification to distill clean physics, we
should not mix disks with ellipticals. When both are presast
in an SO galaxy, we need to make a photometric decomposition
and analyze bulge and disk separately. However, the distimc
between Es, which by definition are supposed not to contain
disks, and SOs, which by definition do contain disks, has been
blurred in recent years by the recognition of “disky ellgatis”
whose isophotes are distorted from ellipsesb¥—-2% as
they would be if they contained embedded disks (Carter 1978;
Lauer 1985c; Bender & Mollenhoff 1987; Bender et al.
1987, 1988; Franx et al. 1989a; Bender et al. 1988, 1989
Peletier et al. 1990). Photometric decompositions impbt th
the difference between an underlying, exactly ellipsoidddxy
and the observed, disky-distorted object is typicall¥0 % and
sometimes as much as 40% (Scorza & Bender 1995). T
does not prove that the disky distortions formed like thé&slis 6. SURFACE PHOTOMETRY
of spiral galaxies. Disky distortions could instead be airat Throuahout this work. our aim is to imorove the accurac
consequence of gas-rich mergers, if stars rain out of the gas f qal 9 h ' h 'blp E h qal y
distribution while dissipation causes it to flatten. In siations,  °! 9&1axy photometry as much as possible. For each galaxy,
even dissipationless mergers can make disky ellipticatmth W€ ¢ombine photometry from a wide range of sources to
etal. 1999; Naab & Burkert 2003). On the other hand, the above provide mdependent consistency c_hecks and thereby t@eedu
“disk fractions” are well within the range of disk contrilions systematic errors. The SO_UI’CES.InC|UdQ publ|§hed data, our
in SOs (Simien & de Vaucouleurs 1986). Also, bulge-domidate photometry ofllmages available in public grchwes, and our
SOs are easily recogized when seen edge-on (e. g., NGC 3115 hotqmetry of Images from our own.observmg programs. All
but not when seen face-on. Then their disks perturb the bulge|] agmtlﬁdekz%ropm_nts come golrlBTémages, bugm%ny hav? .
profile by only small amounts at intermediate radii (Hamabe een checked against ground-based sources. Both ouveelat

1982). Capaccioli et al. (1991) even suggest that NGC 3379'brightness profiles and our z_eropo_ints sh_ould be substgntia
often called a prototypical elliptical, is a bulge-domiatSO0. more accurate than data available in the literature. Weatann

In our sample, NGC 4636 may be such a galaxy (Figure 55). ?r: ctours?, excll.éﬂe the possibilityt_thatta shmall Q}J:pberduﬁrerr
Distinguishing E and SO galaxies is therefore tricky. We at are larger than our error estimates have “slipped girou

are saved by our result (§9.1; Appendix A) that ellipticals the cracks_. But for most galaxies, the resuIt_s have sudvive
are accurately described by Sérsic functions except near th more consistency checks and comparisons of independent dat
centers; only a few galaxies with extra halos compared to the sources than other photometry in the literature.
outward extrapolation of inner Sérsic fits require intetgtien.
To recognize SOs, we use the ellipticity and isophote distor
profiles as discussed in § 7. Disks should be more flattened tha  Data sources are listed in Table 2 and cited in the keys to
bulges, and they should — except when nearly face-on — be disk Figures 11 — 32 (8§ 7). Comments on individual sources follow.
by > a few percent. And SO disks live at large radiijclear HST WFPC2 data provide the highest spatial resolution
disks do not disqualify a galaxy from being an elliptical. (Lauer et al. 2005) with scale #'0456 pixet™ for the Planetary
Fortunately, distinguishing ellipticals from bulge-dorated Camera (hereafter PC). All WFPC1 and WFPC2 PC profiles
SOs is not critical to our results, because the Hubble semuen from Lauer et al. (1995, 2005) are based on PSF-deconvolved
is continuous between them (Kormendy & Djorgovski 1989; images. They allow us reliably to identify central depastur
Kormendy & Bender 1996). The bulge-dominated SOs that are from Sérsic functions fitted to the main body of each galaxy.
most easily confused with ellipticals behave like elliptg of However, the PC field of view is small, so it is important to
similar luminosity. They reinforce our conclusions. supplemenHST data with wide-field photometry.

6.1. Sources
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TABLE 2
DATA SOURCES

No Telescope Filter Scale Field of View References Numlber c
and Instrument (arcsec pix&) (arcmin) Galaxies
1 CFHT AOB Pueo K 0.035 0.15« 0.15 1,8 1
2 HST WFPC1 PC F555W, F785LP 0.043 12 11 6,10,11 15
3 HST WFPC2 PC F555W, F675W, F702W, F814W  0.046 x6 0.6 1,12 20
4 HST ACS F475W, F850LP- V 0.049 35x 34 1 40
5 HST NICMOS F160W, F205W 0.075 0% 03 1 2
6 CFHT HRCam vV, 0.110 19x 12 1 18
7 CFH12K R 0.21 42 x 28 1 23
8 CFHT Cass \Y 0.22 7.0x 7.0 1 21
9 ESO/MPI 2.2 m B 0.351 3.0x 19 3 8
10 KPNO 2.1 m B,R—V 0.38 32 x 20 15 4
11 SDSS g,z—V 0.396 1 31
12 Lick 1 m R 0.43 36 x 3.6 9 1
13 ESO 1.5 m Danish B 0.463 40 x 25 4 5
14 KPNO 4 m C,Th—V 0.48 16.4 x 16.4 7 1
15 Hawaii 2.2 m B,R—V 0.595 51 x 51 2 3
16 KPNO 0.9 m B,R—V 0.86 73 x 46 5,15 11
17 McDonald 0.8 m PFC Y 1.36 46 x 46 1 31
18 CWRU 0.6 m Burrell Schmidt M—V 1.45 90 x 45 14 2
19 Hawaii 0.6 m B,R—V 1.6 13.3 x 13.3 2 9
20 NAO China 60 cm Schmidt various R 1.7 58 x 58 13 1

NoTE.—References: 1. — This paper; 2. — Bender et al. (2008); 3acn@t al. (1990); 4. — Caon et al. (1994); 5. — Davis et al. $).9¢
6. — Ferrarese et al. (1994); 7. — Kim et al. (2000); 8. — Kordyest al. (2005); 9. — Lauer (1985a); 10. — Lauer et al. (199Ph)— Lauer
etal. (1995); 12. — Lauer et al. (2005); 13. — Liu et al. (2008). — Mihos et al. (2005); 15. — Peletier et al. (1990).

NOTE.— The Caon et al. (1990, 1994) CCD data at smalere augmented by photographic data at large radii takénthét 1.8 m UK
Schmidt telescope. Most Caon et al. (1990) galaxies wererebd with the ESO/MPI 2.2 m telescope, but 5 of 33 galaxie®wbserved
with the ESO 1.5 m Danish telescope (entry 13). The papermimespecify which galaxies were observed with which telpsgso all Caon
et al. (1990) galaxies are credited to the ESO 2.2 m teles@&ipslarly, 6 of 19 Virgo galaxies discussed in Caon et 8094) were observec
with the Steward Observatory 2.3 m telescope (scalé3=dixel?; field size 1.9x 2.0 arcmin), but the paper does not specify which on
All Caon et al. (1994) galaxies are therefore credited toB8® 1.5 m Danish telescope. The uncertainty in telescopeinisportant here,
because Caon data are used only at intermediate and laige¢hadarge-radius data are in any case dominated by theoghaphic results.
Further discussion is given in Appendix A3, which discuskessame photometry.
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TABLE 3
NGC 4486 = M 87 @MPOSITESURFACE PHOTOMETRY

Galaxy r 7y, € PA Galaxy r 7y, € PA
(arcsec) (mag arcseg (deg E of N) (arcsec)  (mag arcséc (deg E of N)

NGC4486 0.017 16.266 . e NGC4486 26.318 19.560 0.050 -17.72
NGC4486 0.044 16.358 0.160 168 NGC4486 29.040 19.716 0.051 -1893
NGC4486 0.088 16.511 0.161 168 NGC4486 31.750 19.860 0.052 -1886
NGC4486 0.176 16.589 0.161 1890 NGC4486 35.015 20.016 0.059 -19.82
NGC4486 0.220 16.646 0.161 126 NGC4486 38.371 20.161 0.064 -19.03
NGC4486 0.264 16.700 0.162 186 NGC4486 42.073 20.318 0.072 -21.15
NGC4486 0.308 16.746 0.162 139 NGC4486 45.779 20.455 0.076 -22.77
NGC4486 0.352 16.788 0.162 109 NGC4486 50.855 20.631 0.078 -21.66
NGC4486 0.396 16.838 0.138 128 NGC4486 56.040 20.794 0.082 -23.00
NGC4486 0.440 16.889 0.131 128 NGC4486 61.094 20.936 0.086 -2284
NGC4486 0.484 16.927 0.118 100 NGC4486 67.531 21.097 0.096 -2361
NGC4486 0.548 16.953 0.109 196 NGC4486 72.277 21.217 0.100 -2349
NGC4486 0.604 16.966 0.097 118 NGC4486 77.179 21.331 0.099 -2319
NGC4486 0.660 16.996 0.094 128 NGC4486 84.918 21.499 0.109 -2458
NGC4486 0.727 17.031 0.084 126 NGC4486 93.972 21.693 0.114 -2482
NGC4486 0.795 17.062 0.090 149 NGC4486  104.954 21.912 0.128 -25.22
NGC4486 0.867 17.091 0.087 140 NGC4486 116.011 22.116 0.139 -24.22
NGC4486 0.950 17.114 0.079 140 NGC4486  127.938 22.317 0.153 -25.73
NGC4486 1.038 17.134 0.075 115 NGC4486  139.798 22.515 0.157 -25.18
NGC4486 1.147 17.165 0.071 NGC4486  154.170 22.714 0.171 -24.06
NGC4486 1.254 17.195 0.072 NGC4486  166.341 22.870 0.185 -24.52
NGC4486 1.365 17.210 0.049 83 NGC4486  180.926 23.019 0.206 -24.98
NGC4486 1.515 17.241 0.030 5Y4] NGC4486  200.909 23.220 0.222 -24.33
NGC4486 1.669 17.270 0.023 2 NGC4486  222.587 23.420 0.237 -23.90
NGC4486 1.825 17.290 0.015 5D NGC4486  242.103 23.573 0.254 -2352
NGC4486 1.998 17.318 0.007 g5 NGC4486  265.053 23.742 0.275 -24.12
NGC4486 2.196 17.346 0.018 %) NGC4486  293.990 23.934 0.293 -2347
NGC4486 2.419 17.371 0.015 82 NGC4486  321.366 24.096 0.303 -23.70
NGC4486 2.640 17.399 0.012 162 NGC4486  346.737 24.257 0.313 -23.83
NGC4486 2.835 17.418 0.008 a0 NGC4486  381.651 24.441 0.329 -24.78
NGC4486 3.218 17.470 0.005 59 NGC4486  419.276 24.658 0.337 -25.59
NGC4486 3.823 17.538 0.012 29 NGC4486  462.914 24.820 0.348 -2358
NGC4486 4.546 17.613 0.010 20 NGC4486  502.343 25.011 0.370 -2356
NGC4486 5.413 17.715 0.017 52 NGC4486  541.377 25.090 0.381 -2384
NGC4486 6.092 17.790 0.021 B3 NGC4486  593.608 25.288 0.388 -24.66
NGC4486 7.118 17.913 0.028 T NGC4486  653.131 25.486 0.398 -25.78
NGC4486 7.780 17.991 0.023 .66 NGC4486  719.449 25.697 0.427 -27.03
NGC4486 8.610 18.086 0.028 B NGC4486  794.328 25.917 0.447 -26.86
NGC4486 9.441 18.183 0.020 -1.00 NGC4486  878.348 26.100 0.454 -26.75
NGC4486 10.304 18.277 0.026 A2 NGC4486  946.237 26.328 0.447 -26.57
NGC4486 11.552 18.409 0.030 -1.06 NGC4486 1046.325 26.620 0.457 -26.88
NGC4486 12.322 18.489 0.026 -7.05 NGC4486 1145.513 26.848 0.464 -27.50
NGC4486 13.715 18.622 0.030 -5.10 NGC4486 1230.269 26.995 0.454 e
NGC4486 15.109 18.749 0.030 -5.23 NGC4486 1336.595 27.180 0.443 -29.80
NGC4486 16.615 18.879 0.032 -861 NGC4486 1479.109 27.305 0.439
NGC4486  18.249 19.009 0.036 -9.85 NGC4486 1621.810 27.535 0.436
NGC4486 19.971 19.143 0.036 -1295 NGC4486 1778.279 27.715 0.433
NGC4486 21.945 19.284 0.040 -15.19 NGC4486 1995.262 27.755 0.429 e
NGC4486 23.961 19.415 0.043 -17.19 NGC4486 2443.700 28.045 0.422 -34.10

NoTE.—Radiug is measured along the major axis. In the electronic tabéeptbfile labeled NGC4486A is thé-band profile of NGC
4486A. Profile NGC4486AK is an alternative profile of NGC 4486ith V-band zeropoint and-band data used at large radii but with
the CFHT deconvolvel-band profile (brown points in Fig. 20) substituted at 1’4 to minimize the effects of dust absorption.
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The ACS Virgo cluster survey by Cété et al. (2004) provides describing departures of the isophotes from ellipses. Tipse
high-quality, archival images of almost all of our sample parameters are surface brightness, isophote center catedi
galaxies. Because it is uniform in quality, it is our bestreeLof Xeen@ndYeen, major and minor axis radii, and hence ellipticity
color profiles. Good resolution (scalé@5 pixel') meansthat  and position angle PA of the major axis. The radial deviation
it provides an important supplement to the WFPC1 and WFPC2 of the isophotes from the fitted ellipses are expanded in a
photometry of the brighter galaxies and the best photonwdtry  Fourier series of the form,
the centers of faint galaxies that were not previously olesbr N
by HST. The ACS images have high signal-to-noise (S/N) and Ari = Z[akcoswi) +bysinké))]. (2)

a reasonably large field of view, so they also yield the daepes . k=3 . .
profiles for some of the smallest galaxies in our sample. The most important of these parametersysexpressed in

We haveHST WFPC1, WFPC2, or ACS profiles for all of e figures as a percent of the major-axis radiu$ a, > 0, the
our galaxies. Note, however, that we did not carry out PSF isophotes are disky-distorted; largg at intermediate or large

deconvolution of the ACS images. Therefore the ACS profiles fl_ahd” indicates an fsg disk. g4d'<ko’ éhe isqpho'gesdare boxg._

have slightly lower spatial resolution than the WFPC prefile e |mportanc§ of boxy and disky distortions 'S_ IScussed in

For many of the fainter galaxies, we ha&T profiles only B_ender (1987)’ Bender et al. (1987, 1988, 1989); Kormendy &

from ACS. The lower resolution affects how well we do or do Djorgovski (1.989)’ Kormendy & Ber_1der (199,6)' and below.

not spatially resolve any extra light or nuclei. But it does n Some profiles were measured using Lauer's (1985a) program

compromise our estimates of the amount of extra light, and it PFOf i 1 & in the image processing systewi STA (Stover

has no effect on any conclusions in this paper. 1988). The interpolation schemepm of i | e is optimized for
HST NICMOS images allow us to correct the opti¢dST high spatial resolution, so it is best suited to highN images

profiles of NGC 4261 and NGC 4374 for dust absorption. pf_galaxy centers. The isopho'ge calculation is Fouriel_etiaso
Comparison of the NICMOS F160W or F205W profiles and [t S 1SS well suited to measuring outer parts of galaxidene
ACS zband profiles shows that any residual absorption in the 1OW S/N results in noisy isophotes or where star removal or
near-infrared is small. NGC 4261 and NGC 4374 both have lIMited field of view results in incomplete isophotes.
cuspy cores. The NICMOS profiles are used only at small radii; Some profiles were calculated W'_th the isophote ellipsegtti
they affect our calculation of the total amount of light “isiisg” programGASP (Cawson_ 1983; Davis et al. 1983&9‘33 does
because of the presence of the core (§10.1), but they do nof10t provide |s_0ph0te d|§tort|on parameters, but it is thesmo
affect the Sérsic fits or the determination of global paramset ~ 0Pust of our isophote fitters at lo/N, and it handles non-

Adaptive optics observations obtained K band with monotonlc.bnghtness profiles Wlthqut problems. Therefbre
the Canada-France-Hawaii Telescope (CFHT) and PUEOV"aFS. solgne_tlmes the program Of’\(ig%cf 4%%?9? radii. "
(Arsenault et al. 1994) were used to minimize absorptiom see Inafly, In Some cases (e. 9. ), itwas Impossible
in NGC 4486A. This is a small elliptical galaxy with an edge- to calculate reliable ellipse fits because of dust absarptio

on stellar disk that is bisected by a strong dust lane (Kodyen bhecause of overlaplpinlg gfélaxies o][llbrigbht foregrqund stars f
et al. 2005). Again, use of a central infrared profile impeove these cases, we calculated cut profiles by averaging theceur

our estimate of the amount of extra light in the galaxy, but it Prighness in one- to several-pixel-wide cuts through thaxga
does not affect the determination of global parameters. center. Cut p_rof|les are identified in the keys to Figure 11— 32
We include the CFHT photometry obtained in 1982-1994 Some profiles showed a few glitches produced,_for example,
by Kormendy with the Cassegrain CCD camera and the by imperfectly masked foreground stars. By this, we mean
High Resolution Camera (HRCam: Racine & McClure 1989; that one value of. (rarely),¢, or PA among a set of smoothly

McClure et al. 1989). Kormendy & McClure (1993) discuss varying values was much different from the adjacent vaI_ues.
image reduction. HRCam includes tip-tilt image stabiigat ~ 1hese values were replaced by the average of the adjacent

We also measured images obtained by Wainscoat andpointswhen it was clear that they were measurement errors.

Kormendy in 2000 — 2002 with the CFHT 12K CCD mosaic. . .

For as many galaxies as possible and especially for all 6.3. Photometric Zeropoints
of the largest galaxies, we obtain&tband images using All zeropoints are based adST images. When available,
the McDonald Observatory 0.8 m telescope. These datawFPC1 or WFPC2, F555W zeropoints were used. For most
generally provide the deepest profiles and thus are importan galaxies with these zeropoints, the keys to Figures 1182 li
for constraining the Sérsic fits. We reach especially low Lauer et al. (1995, 2005) as data sources. Thdrand profiles
surface brightnesses with the 0.8 m telescope because we cawere taken directly from these papers. For a few galaxies, we
accumulate long exposures and because the wide unvignette¢gheasured and zeropointed WFPC2 images ourselves.
field (46 x 46') allows accurate sky subtraction. We have a particularly good external check of the WFPC1

When papers published profiles or archives contained imagesand WFPC2 zeropoints. Many Virgo galaxies were observed
in two bandpasses that brackéf we used the bracketing during an excellent, seven-night observing run with the TFH
profiles to calculate ® profile using standard calibrations. (1984, March 6/7 — 12/13). The entire run was photometric.
We observed large numbers\éf and|-band standard stars to
tie our photometry to Landolt (1983). Most standards were in

Most profile calculations are based on isophote fits using M 67 (Schildt1983). The CFHT andSTzeropoints agree very
the algorithm of Bender (1987), Bender & Mdéllenhoff (1987), well. In obvious notation, the mean difference in zerop&ant
and Bender, Dobereiner, & Mollenhoff (1987, 1988) as 3 WFPC1 values Shst—Vernt = +0.00440.002 mag arcseé
implemented in the ESO image processing systdnDAS (0/+/3). The mean difference in zeropoint for 11 WFPC2
(Banse et al. 1988) by Bender and by Roberto Saglia (2003,values i8Vist—Vcrnt = —0.00940.004 mag arcseé (o/v/11).
private communication). The software fits ellipses to thexga All galaxies in our sample that do not have zeropoints from
isophotes; it calculates the ellipse parameters and paeasne WFPC1 or WFPC2 were observed in the Virgo cluster ACS

6.2. Surface Photometry
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survey. However, the profiles are not tabulated in Ferrareseconverted toV are less accurate than WFPC1 and WFPC2
et al. (2006a). We remeasured tipeandz-band images using  zeropoints. Galaxies with ACS zeropoints are identified in
the Bender code to ensure consistgntalues. Zeropointswere  Figures 11 — 32: the keys list “ACS V” but not Lauer et al.
taken from Sirianni et al. (2008):g = -2.5logADU +26.168 (1995, 2005) as a data source.

andz=-2.5logADU+24.326, where ADU represents counts How accurate are our zeropoints? The answer is notoriously
in the F475W or F850LP band, as appropriate.. la@dg-z difficult to determine. Our comparison of WFPC and CFHT

profiles were converted ¥ as follows.
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photometry was reassuring, but the agreement was forglytou
good. The ground-based standard star system was uncertain
by several percent (e.g., Joner & Taylor 1990). The same
is true of HST. Photometric standards and science targets are
observed at different times, and the telescope plus ingtnisn
show short-term instabilities and long-term sensitivignids of

a few percent or occasionally more (Baggett & Gonzaga 1998;
Heyer et al. 2004; Biretta 2005; Bohlin 2007). Aperture etffe

are nontrivial (Holtzman et al. 1995). Ground-based, WFPC,
and ACS standard star measurements are made within aggerture
of different sizes, but the total amount of light at largeirad

a PSF can be surprisingly large (King 1971; Kormendy 1973).
The outer PSF halo is often unmeasureably faint, but itg Iggh
taken away from the central profile, so it affects the zenopoi
Given these considerations and our tests, we estimatehthat t
random errors in our zeropoints at.03 mag arcseé and

the systematic errors agg 0.05 mag arcseé. These are better
than the science requirements of this paper.

6.4. Construction of Composite Profiles

Composite profiles were constructed from as many data
sources as possible (Table 2), including our own and pudadish
photometry. Our emphasis was on accuracy. E.g., almost all

photographic profiles and many early CCD results proved not
g-—z ;
to be accurate enough to add weight to modern CCD data.

Fic. 5.— Calibration ofHST ACS F475Wg and F850LPz magnitudes to To construct composite profiles, we began VHIBT profiles,
W.';PCl and W'?Pcvsbé?”d~ The fc(zsog‘:)g”g“dﬁ system used is VEGIAmag including zeropoints. We then added profiles one at a time,
with zeropoints from Sirianni et al. . Each point esg@nts one galaxy . . . .
for which we can compare thgeprofile from ACS with &V profile from Lauer tS}t.aLtln(‘:'][ W'trt], tlhe h'lg?_eSt'aécu{]acy ?lnes meﬁ?&”gq W'thf the

ighest spatial resolution. Each profile was shifted inese

et al. (1995, 2005). The least-squares fit to the poistiight ling is our
adopted transformation, Equation (3). brightness to minimize the scatter with the previous coritpos

Most galaxies with WFPC1 or WFPC2 zeropoints were also Over the largest possible radius range. This must be done
observed with ACS. We calibrategl and g -z againstV by “by hand”, because at th|_s stage, the dewat;ons of indafidu
comparing oug profiles to Lauer's/ profiles. The results are  profiles from the composite reveal systematic errors. Only a
shown in Figure 5. Our adopted transformation is, few of these can be anticipated. E.g., ground-based profiles

“peel off” the HST profiles near the center when atmospheric
(3) seeing or telescope aberrations become important. But it is

not obviousa priori — although it becomes clear in carrying
Similar calibrations have been derived using standards star out the exercise — that ellipticities are more sensitiveetgirgg
(Smith et al. 2002; Sirianni et al. 2005), but Equation (3) is than are surface brightnesses. Position angles are masdtrob
more relevant here, because it is based on the composite, oldAnother problem was that WFPC1 profiles are generally not
metal-rich stellar populations that make up ellipticalayéés. accurate at large tabulated radii. In general, it quicklgame
The scatter in Figure 5 is 0.021 mag arcsemn g-V. clear that some profile sources (e.g., Peletier et al. 19@0) a
Fig. 5 does not reach the bluest colors of our galaxies; somemore reliable than others (e.g., our CFHT Cassegrain camera
extrapolation is required. We have an external check ofjetr profiles, which are excellent at small radii, but which hagemp
colors: after converting their AB magnitudes to VEGAmag, Sky subtraction at large radii when the field of view is too Bma
we can compare Ferrarese et al. (2006a) color measurementtor the galaxy). Since we have many data sources at most
(9-2vecar to ours ¢ - 2vecakrce over the radius range radii in most galaxies, we were draconian in our pruning of
1”7 <r < 16". For 34 E+ Sph galaxies, the mean difference is  individual profiles that did not agree with the means. Thelfina
composite profiles are the means of the individuahifted
profile points that were not pruned; i. e., the data identifigd
asterisks in the keys to Figures 11 — 32. The averages were
The dispersiong = 0.024 mag arcseé, includes our errorsin  carried out in log bins of 0.04. These profiles are illustrated in
measuring Ferrarese colors by hand in their published .plots Figures 11 — 32 and used in all analysis. They are published in
Figure 5 suggests no reason to believe that ACRropoints the electronic edition of ApJS. Table 3 provides a sample.

V =g+0.320-0.399 @-2).

(9-2)vecar—(9—-2vecakrcs =+0.015+0.004 (o/V/34. (4)

8The currently adopted ACS zeropoinist ¢ p: / / www. st sci . edu/ hst/ acs/ anal ysi s/ zer opoi nt s) are different from the above. These changes
have no effect on the present paper: the zeropoint that wetediéor each galaxy is the one that we calibrate¥ t¢lowever, readers who wish to use Equation (3)
to calibrate current photometry using updaké8T zeropoints need to correct it for the changes in zeropoiots Sirianni et al. (2005) values.


http://www.stsci.edu/hst/acs/analysis/zeropoints
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Some profile data are plotted in Figures 11 — 32 but were At small r, all profiles deviate suddenly and systematically
not included in the averaging. They are not accurate enoughfrom the best fits. This is the signature of a core or extra
to add significantly to our results, but they provide impotta  light. Including either one in the fit produces large systéma
consistency checks. These are identified in Figures 11 -hg2: t residuals that are inconsistent with our measurementserror
keys do not have asterisks at the end of the source references Figure 64 (Appendix A) shows an example. We emphasize in

The accuracy of the final profiles is difficult to estimate. 84.1 that we choose not to use fitting functions that combine
However, we have many external checks. The residual plots(say) a central core with a Sérsic envelope: the resulting
in Figures 11 — 32 illustrate with an expandedcale how well parameters are too strongly coupled. Our fits are robust
the individual profiles agree with each other. At small radii descriptions of the main bodies of the galaxies. In latetices
our composite profiles should be accurate to a few percent orwe measure and interpret the amount of extra or missing light
better. At large radii, the number of independent data smurc with respect to the inward extrapolation of the fits.
decreases. It is even possible that, among (say) threeesqurc
two agreed fortuitously but were less accurate than thel.thir 7.3. Galaxy Magnitudes
The agreement ofdiffe_re_znt data sources providesagui_dmtot Galaxy apparent magnitudas (Table 1, Column 7) are
accuracy at large, but it is not bomb-proof. When we discard  ¢5\cyjated by integrating the two-dimensional mean brighs

a feé’jv p0|?tts fr?m thekSerst|)<t: f|tst_ at Ia}rge radi, Ith's Irt?pll'lba:atth profiles including ellipticities:(r). That is,V is the magnitude
We do not trust the Sky subtraction. In genera;, we beliea interior to the outermost nearly-elliptical isophote fohiah
our profiles are accurate t90.1 mag arcseg at large radii. we have data. These magnitudes, after conversior to
using total B-V) colors, are compared to Hyperleda total
magnitudes in Figure 6. Our iophotal magnitu@eare slightly

7.1. Composite Brightness Profiles and Photometric Data  fainter than Byperleda total magnitud&. For ten core

Figures 11 — 15, 16 — 24, 25 — 29, and 30 — 32 illustrate the 9alaxies, the average difference<s3 ~ Br>= 0.045+ 0.035
photometry of the core ellipticals, the extra light ellgatis, the ~ Mag; for 15 coreless ellipticals (omitting NGC 4486A) and
spheroidals, and the SO galaxies, respectively. two Sphs, <B-Br>= 0.087+ 0.031 mag, and for five SO

The bottom three panels show théband, major-axis gaIaX|es,<B—I_3T>= 0.1801_ 0.060 mag. Itis not surprising
brightness profilg., the isophote ellipticitye, and the major- ~ that our magnitudes are fainter, because they certainlyatio n
axis position angle PA. The next two panels are the isophoteinclude all of the light of the galaxies. Our limiting surtac
shape parameteas andaz. Parameteaz shows that isophotes brightnesses are 25.5 — 28 mag arpseé for E and Sph
have reasonably pure boxy or disky distortions that areatig galaxgs and about 1 mag arcsedrighter for SOs. The
with the major axes; they generally have no trianguéa) or galaxys surfaqe brightnesses do not drop suddenly to zero
rotated bn) components. Second from the top is thez color outside these isophotes. The corrections to total magestud
profile from theHST ACS and SDSS surveys. The top panel &€ not very Iarge, because the sgrface bnghtness:e.s.ttfaﬂwe
shows the deviations of the individual profiles in the bottom 0 reach are faint. But the corrections are not negligititaee,
panel from the adopted Sérsic function fit shown by the black Pecause the area of the outer isophotes is large.

7. PHOTOMETRY RESULTS

Curve' The SérSIC IndGXIS glven In the key' 17 _I TTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTT I_
L o e
7.2. Sérsic Function Fits to the Profiles 16 - gg;zlees‘!pgﬁif)‘ficols _'
Appendix A discusses our Sérsic fits. Figures 49—72 show - ' - ]
all of the fits and they? hyperellipses of the three fit parameters. 15 = Spheroidals -
They show that the parameter errors are often strongly eoupl C ]
In this situation, parameter errors can only be estimateuoh fr 14 F NGC 4486A -
the maximum half-widths of thg? hyperellipses. Appendix A o C ° ]
also explores the dependence of the fit parameters on tre radi & 13 - .
range in which we make the fit. We show that the parameters 3 - .
are robust provided that the fit range is large enough. Thisis = 15 % i
why we aim to measure profiles that are reliable over large < E ]
dynamic ranges. No conclusions of this paper are vulnerable @ 1 F E
to small changes in fit ranges. To aid users of Sérsic fungtion C ]
Appendix A presents guidelines on dynamic ranges needed to 10 E E
get reliable fits. Parameters of our fits including erromeates r .
are listed in Figures 49—72 and in Table 1. C % ]
We fit Sérsic functions over the largest radius ranges over 9 E B
which the fit residuals are (i) not systematic and (ii) royghl r | | | | | | | | 1
in agreement with our profile measurement errors. The median 38 8I - '9' - '10' - '1 1' - '12' - '1 3 - '14' - '15; - '1 6 - '1 .

RMS of the 27 E fits is 0.040 mag arcse?@, and the dispersion B. (H leda)
in RMS values is 0.01%¥ mag arcse?. One of the main _ r \yperieday _
conclusions of this paper is th&&rsic functions fit the main _Fic. 6.— Comparison of our galaxy magnitudes with tddal magnitudes

- o . : from Hyperleda (Paturel et al. 2003: their “integrated phoetry” values).
parts of the proflles of both eII|pt|caI and spher0|dal gatw OurV magnitudes from Table 1 are convertedBaising totalB -V colors

astonishingly well over large ranges in surface brightndss from RC3 when possible or colors within the effective radiasn Hyperleda
most galaxies, the Sérsic fits accurately describe the e in a few cases. Galaxy classifications are from Table 1. Thekbline
profiles over radius ranges that include93% to 99 % of the indicates equality, and fiducial gray lines are drawa-8t2 mag to facilitate

" - f interpretation. NGC 4486A deviates because a bright foregt star (see
|Ight of the gaIaX|e$see Figure 41)' Kormendy et al. 2005) is imperfectly removed from the Hyped photometry.
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FiG. 7.— Corrections to convert our measuMéand galaxy magnitudes
interior to the outermost elliptical isophotes in Figurds-1B2 to almost-total
magnitudes interior to a surface brightness.a9.7V mag arcse@ for core
Es and out to an arbitrarily faint surface brightness foetass Es and Sphs.
Each correction is calculated by integrating the extrajmiaof our Sérsic
function fit with the ellipticity fixed at the value in the outeost observed
isophotes. The corrections dependroas expected: larger means brighter,
more extended outer halos and therefore laryer. The correction is larger
for Sph galaxies than for Es of the same Sérsic index in parause Sph
galaxies have low surface brightnesses at small radii (E&®84 —36), so the
relative contribution from large radii is relatively large addtion to this effect,
the scatter results mostly from the fact that our obsemati®@ach different
limiting surface brightnesses in different galaxiésy is small (large) when
our photometry is deep (shallow). However, the scatter lfiptieals is small.
We use a least-squares fit to the E poirsisajght line only to note that the
RMS scatter about the line is 0.027 mag arcéec
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FiG. 8.— Comparison of our extrapolated, “total” galaxy magdés with
total magnitudes from Hyperleda. Owf-band magnitudes from Table 1
have been corrected individually with ti&V values plotted in Figure 7 and
converted tdB as in Figure 6. The black line indicates equality, and fiducia
gray lines are drawn at0.2 mag to facilitate interpretation.

Kormendy et al.

We concluded in § 7.2 that Sérsic functions fit the major-axis
brightness profiles of our E and Sph galaxies very well,
including the outermost points that we trust in our photagnet
Ellipticals are hot stellar systems; they cannot easilyetsharp
features in their brightness profiles. It is therefore reaste to
estimate corrections from our isophotal magnitudes tolpear
total magnitudes by integrating extrapolations of our Bérs
function fits, as long as we do not need to extrapolate too far.
Figure 7 shows such magnitude correctigx\é. They capture
most of the missing light. This is especially true for small-
systems: their outer profiles cut off steeply, so their atiioes
are small. TheAV values also are reasonable for giant
ellipticals with large Sérsic indices. Their corrections rger
and more uncertain, but we already approach the intracluste
background light (e.g.) in our profiles of M87 and NGC
4406 (see Mihos et al. 2005 and note that we include several
isophotes from that paper in our profiles). At radii not much
larger than these, total magnitudes become ill defined,useca
stars there do not “belong” exclusively to the galaxy under
study but also feel the gravitational potential of the cdusind
especially of the nearest neighbors.

Figure 8 plots total magnitud&s =V + AV +(B-V)t from
our photometry versus values from Hyperleda. The scatter is
remarkably small and the agreement is remarkably goodngive
that both sources have measurement errors and that Hyperled
data are very heterogeneous. The small systematic diffesen
now have exactly the sense that we would expect. Hyperleda
aperture magnitudes are extrapolated to total magnitusleg u
mean growth curves for each galaxy type; for ellipticalg th
growth curves are based orF 4 de Vaucouleurs (1948) laws
(Prugniel & Héraudeau 1998). One of the main conclusions
of this paper will be that core ellipticals have> 4 whereas
almost all coreless ellipticals have < 4. Therefore our
total magnitudes should be slightly brighter than Hypealed
for core galaxies and slightly fainter than Hyperleda’s for
coreless galaxies. This is exactly what Figure 8 shows. For
8 core ellipticals plus NGC 4621 (a coreless galaxy which, in
exception to the above conclusion, hras 5.36) but omitting
M 87 and NGC 4406 (see below), the average difference is

<Brt =Bt hyperleda> = —0.116-+ 0.026. (5)
For 5 coreless ellipticals with3 n < 5 (i. e., bracketing = 4),

<Brt =Bt hyperleda> = +0.064+ 0.080. (6)
For 12 coreless Es and 2 Sphs (“E” in Hyperleda) with 3,

(7)

Equations (5)—(7) imply that our photometric system is
consistent with the heterogeneous but large database in
Hyperleda; recall that our zeropoints were estimated todoelg

to + 0.05 mag. For correless ellipticals and for Sph galaxies,
our correctionsAV should be accurate roughly to the RMS
= 0.028 mag in Figure 7. It is unlikely that they are much
worse thant 0.05 mag even for giant ellipticals, although one
cannot be certain about extrapolations. We therefore atiept
individual corrections plotted in Figure 7 for these gadsxio

get total magnitude®t and hence total absolute magnitudes
Myt in columns 9 and 11 of Table 1, respectively.

Three ellipticals in Table 1 require special attention amdev
omitted from the above statistics. NGC 4486A has a bright
star superposed near its center that is imperfectly remivuad
the Hyperleda photometry. The galaxy is therefore an autlie

<Bt - BT,HyperIeda> =+0.056+0.033.
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in Figures 6 and 8. However, ottfST photometry should be  halo at large radii. It is similar to but (by constructionjrfier
unaffected by the star, so we correctétb Vr as normalusing  than the cD halos advocated by Liu and de Vaucouleurs. We
our Sérsic fit to the profile. Second, the giant elliptical NGC emphasize thata this fit is not unique. Itis an interpretatimt
4406 in the main chain of galaxies near the center of the Virgo a proven result. However, based on such fits we do suggest that
cluster is surrounded on all sides by other galaxies. Either M 87 is marginally a cD galaxy. And we regard the detection of
because these are imperfectly removed from the photometryintracluster light by Mihos et al. (2005) as definitive proof
or because the profile is affected by tides from its neighbors  These results are consistent with Oemler’s (1976) cormtusi
NGC 4406 has an outer profile that cuts off strongly compared that cD envelope luminositizen, depends strongly on cluster
to the outward extrapolation of the inner Sérsic fit (Figu2g. 1 luminosity, Leny o L2, The total luminosity of Virgo is near
Therefore the normal magnitude correction is not valid.é8las  the low end of the range for clusters that contain cDs. ThatM 8
on a Sérsic fit to the steep outer profile, we derhi =-0.03. is aweak cD is interesting in its own right, but it plays ncedir
Finally, M 87 almost certainly contains a faint cD halo (8)7.4 role in this paper. Either set of fit parameters in Figure 50 is
We should not include intracluster light klyt. Based on comfortably consistent with the fundamental plane cotiates
Figure 7 and on the two fits in Figure 50, we addyt = 0. discussed in 88. Our estimate of the amount of missing light
The total absolute magnitudes that result from the above that defines the core is essentially unaffected. Aiglrobustly
procedures are used throughout this paper. Including patop  larger than 4, consistent with our conclusion that Sérsiexn
errors but not distance errors, we conservatively estirtrate participates in the E — E dichotomy.
Myt has errors of- 0.07 mag for galaxies with < 4, ~0.1
mag for galaxies witm > 4, and 0.2 mag for M 87. 7.5. Comments on Individual Ellipticals

7.4. The cD Halo of M 87 Profile properties that are common to many galaxies are

_ . . . discussed in §9. Here and in §7.6, we comment on galaxies
M 87 = NGC 4486 is thesecondbrightest galaxy in Virgo. o .
However, it is the central giant elliptical in the ciustendait whose classification (E versus S0) has been uncertain. When

is surrounded by an enormous X-ray halo which shows that V€ 2SSign a different morphological type to a galaxy than the
the galaxy is at the bottom of a deep potential well (e.g., catalog types (columns 3 and 4 in Table 1), we give the reasons

Fabricant & Gorenstein 1983; Bohringer et al. 1994; 2001; /1S section involves details; readers who are interestexi

Forman et al. 2007). In richer clusters, such galaxies aemnof main science results can jump directly to § 8.

cDs (Matthews, Morgan, & Schmidt 1964; Morgan & Lesh '

1965), i. e., giant ellipticals that have extra light at Emgdii

in an enormous halo that belongs more to the cluster thareto th

central galaxy. “Extra light” with respect to what? The aesw

is best quantified by Schombert (1986, 1987, 1988). He showed

that E profile shapes depend on luminosity; he constructed

template mean profiles in different luminosity bins, and he

identified as cDs those giant Es that have extra light at large

radii with respect to the template that best fits the innetspafr

the profiles. Recasting this statement in the language aiSér

functions, cD galaxies are giant Es that have cluster-exéae

light at large radii with respect to the outward extrapalatf a

Sérsic function fitted to the inner profile. cD halos are helie

to consist of stars that were stripped from individual gadax

by collisions (Gallagher & Ostriker 1972; Richstone 1976).
Whether M 87 is a cD has been uncertain. This appears to be

settled by the remarkably deep photometry by Liu et al. (2005

and Mihos et al. (2005). Both are included in Figure 11. Lid an

collaborators, like de Vaucouleurs & Nieto (1978) and ather

conclude that M 87 is a cD. We agree, but not for the reasons

given in their papers. They conclude that the profile of M 87

shows extra light at large radii with respect toraff law fitted ; _ - i

to the inner parts. This is true, but it is true for all galaxie  F!S. 9.— Contrast-enhancegri-band color image of NGC 4382 from

o . . . . the SDSS online sitat t p: / /7 www. W Ki SKy. or g. Strong fine-structure

t[hat have Sersin > 4'_AS re\”ewed n §3 and confirmed again  feayres are signs that the galaxy has not finished relafiegarecent merger.

in this paper, essentially all giant ellipticals have- 4. The

evidence that M 87 has a cD halo is more indirect. Itis shownin  NGC 4382 is classified as SAfec in RC3. Figure 14 shows

Figure 50. A Sérsic function fits the whole profile with enlre  that it has a very unusual brightness profile. It has extitt lig

acceptable residuals outside the core (RMS = 0.0448 mag; seat intermediate radii, but tha, profile indicates that a slight

[ 2

the top panels in Figure 50). Howevers 11818 is formally disky distortion at smaller radii disappears here. Thigssts
much larger than in any other galaxy in our sample. When the that the extra light is not an SO disk. Also, when the profile
outer end of the fit range is decreased belo®00’, n drops is decomposed into a Sérsic function bulge and an expohentia
rapidly. By construction, such fits have extra light at larghi. disk, the disk parameters are very abnormal (cf. Freema®)197

An example is shown in the bottom panels of Figure 50. Fitting Finally, the galaxy is asymmetric and shows fine-structure
the profile out to 419 results in Sérsic indem= 8.9} that is features indicative of a recent merger (Fig. 9). Schweizer &
more consistent with the values for the other giant ellgdgén Seitzer (1992) quantify such features for 69 E and SO gadaxie
Virgo. If this fit is adopted, then the galaxy has a faint extra only three galaxies, two of them obvious mergers-in-prsgyre
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have larger fine-structure indices than does NGC 4382. Thehalf-light radius; from Figure 10, this would be smallerrltig.
galaxy gets bluer and shows enhancetiathd depressed Mgb  Moreover, since the outer velocity dispersion is small drel t
spectral lines near the center (Fisher et al. 1996; Lauek et a S/N of the Simien & Prugniel measurements is low, the true
2005; Kuntschner et al. 2006), consistent with a youngéleste  velocity dispersion may be even smaller. Therefore theroute
population. We conclude that the galaxy is an elliptical — a component clearly rotates more rapidly than an isotropiateb
recent (damp?) merger remnant that has not fully settled int spheroid with the observed flattening. This is a disk sigmatu
equilibrium. Aguilar & White’s (1986)n-body simulations

show that tidal stretching and shocking can produce feature 100 S EEE
like the “extra halo” in Figure 14. Similarly, Navarro’s (29) = 80 + ## + + % 3
n-body similations show that merger remnants relax violentl © £o o ﬁ + % + + + + + + ]
from the center outward, with waves in the density (cf. Fig). 1 € 60 3 + % E
that propagate outward during the relaxation process. ~ 40F E
NGC 4406 is classified as §8)/E3 inthe VCCand E3in  © 20 F 3
RC3. We see no sign of an SO disk in the surface brightness oF+—+—+ e e S B 1
or a4 profiles (Fig. 12). In particulara, shows boxy — not 100 F =
disky — isophotes at large radii. The galaxy is zoomingtglou 5 gg E o i + 3
Virgo at ~ 1400 km §', and it is bracketed closely by NGC ~ ? F r p 4 ¢ ? t E
4374, by the pair NGC 4435 NGC 4438, and by many other, g F “ﬂ' ]
not much smaller galaxies. Its isophotes overlap at lardié ra 40 F ﬁ# o This paper (HET) E
with those of the adjacent galaxies (Kormendy & Bahcall 1974 20 ° o Simien + 1997, A&AS, 126, 15
Mihos et al. 2005), so the outermost profile is uncertainsThi ofber— L L 1
or else the non-equilibrium tidal distortion that can régdm ° s ¢ (arcsec) 10 s

a rapid encounter with its neighbors (Aguilar & White 1986)
could account for the slightly non-Sérsic profile at largdiira
and for the unusually large value of= 10.27"332. Note that
the profile is very concave-upward in Figure 12. Taking all these signs together, we identify NGC 4318 as a
NGC 4459 s classified SO in the VCC and RC3 because of its low-luminosity SO galaxy. Figure 32 shows a decomposition
nuclear dust ring. Figure 16 shows no evidence of a stelékr di  into a Sérsic function bulge and an exponential disk. Thgéoul
in the form of profile departures from a Sérsic function. The has an entirely normal Sérsic indexrof 2.1+ 0.4.
isophotes are not disky. We classify the galaxy as an alipti NGC 4489 is classified E in the RC3 and SO in the VCC.
- It appears in our photometry to consist of two components
7.6. Comments on Individual S0s (Fig. 31). The galaxy is reasonably isolated. It is very g0
NGC 4318 is classified “E?” in the RC3 and E4 in the VCC. theay profile is not informative. We classify it as an SO, but this
However, its brightness, ellipticity, and position angtefies is uncertain. There is a sharp isophote twist.080° between
show a strongly two-component structure (Fig. 32). Themute the “bulge” and the “disk” implied by the profile decompositi
component has a disky signatui ¢ 0) and an exponential  in Figure 31. Given suitable structure and viewing geometry
profile (Fig. 32). This suggests that the galaxy is an SO. this could be consistent with either an E or an SO classifinati
We can check this by measuring the rotation velocity and NGC 4564 is classified E in the RC3 and E6 in the VCC,
velocity dispersion of the outer component. Simien & Pregni  but the brightness profile has the two-component structtire o
(1997, 1998) took spectra of NGC 4318 using the 1.93 m a bulge plus disk, and thes profile shows a strong disky
telescope of the Observatoire de Haute-Provence. The latte distortion at the radii of the extra light (Fig. 31). This is
paper used a dispersion was 52 Krhpsixel™ and got a central ~ clearly an almost-edge-on SO. Scorza et al. (1998) observed
velocity dispersion ofrp = 77+ 17 km s'. The former paper  a similar a; profile; by decomposing the two-dimensional
got a maximum rotation velocity of 7820 km s*, but the brightness distribution into an elliptical galaxy componheith
observations did not clearly reach a flat part of the rotation exactly elliptical isophotes and a disk that accounts fa th
curve (Fig. 10). We therefore remeasured NGC 4318 with the observation thats > 0O, they estimated that the bulge-to-total
LRS spectrograph (Hill et al. 1998) on the 9.2 m Hobby-Eberly luminosity ratio is 0.71. This is probably an underestimate
Telescope. The slit PA was 6&he slit width was 15, and the because low-luminosity, coreless ellipticals have isdptithat
exposure time was 900 s. The standard spectrum was a meaare intrinsically disky, and all of the disky distortion was
of the spectra of the KO Il starg Cyg and HD 172401. The ascribed to the SO disk in the decomposition. The disk of NGC
results are the open squares in Figure 10. Our dispersi@n, 11 4564 is also detected in the doppler asymmetry in the spectra
km s pixel™, is substantially worse than that of Simien & line profiles (Gauss-Hermite momemt Halliday et al. 2001).
Prugniel, so their velocity dispersion measurements anemo NGC 4660 is classified E: in the RC3 and E/SO in the VCC,

FiG. 10.— Absorption-line rotation curv¥(r) and velocity dispersion
profile o(r) along the major axis of NGC 4318.

reliable than ours. But ou8/N is higher, so we reach thé~ but it is a bulge-dominated SO. Figure 30 shows that extra
constant part of the rotation curve. We adopt our measuremen light above an almostt/# brightness profile coincides with a
of the maximum rotation velocCityyax = 8244 2.3 km s?. maximum in thee profile and a very disky value af;. These
Then, Vinax/oo = 1.07+0.24. For an ellipticity ofe = 0.35 features are well known (Bender et al. 1988; Rix & White 1990;
in the outer component, the “oblate line” in tMgax/o0—¢ Scorza & Bender 1995); a photometric decomposition implies

diagram (Binney 1976, 1978a, b; lllingworth 1977; Kormendy that the disk contains- 1/4 of the light. As in NGC 4564,
1982) implies that an isotropic, oblate spheroid shouldehav the spectral line profiles of NGC 4660 show the kinematic
Vmax/0oo = 0.73. The outer component of NGC 4318 rotates signature of a dynamically cold, rapidly-rotating compone
(Vmax/00)* = 1.46+0.32 times faster than this. In practice, we addedto a dynamically hot, slowly rotating component (Bend
should use a mean velocity dispersion inside approximétely  etal. 1994; Scorza & Bender 1995).
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FiG. 11.— Composite brightness profiles of Virgo cluster eifiat galaxies ordered by total absolute magnitiier (Column 11 of Table 1). For each galaxy,
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FiG. 12.— Photometry of Virgo cluster core ellipticals. Insitie core of NGC 4406, the surface brightness drops slightiatd the center, making this a “hollow
core” galaxy (Lauer et al. 2002). The outer profile of NGC 4#éffected by many bracketing galaxies (see the text andlFigEImegreen et al. 2000).
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FiG. 13.— Photometry of Virgo cluster ellipticals with cuspyres. For NGC 4374, the AC&band (folded) cut profile illustrates the well known dusitfees
(Véron-Cetty & Véron 1988; Jaffe et al. 1994; van Dokkum &ferd 995; Bower et al. 1997; Ferrarese et al. 2006a, and refesetherein), but thdSTNICMOS
F205W profile is almost unaffected by absorption.
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FiG. 14.— Photometry of elliptical galaxies with cuspy coretieTentral dust disk of NGC 4261 (Kormendy & Stauffer 1987;lIbtinoff & Bender 1987a, b;
Jaffe et al. 1993, 1994, 1996; van Dokkum & Franx 1995; Fesay Ford, & Jaffe 1996; Martel et al. 2000) is evident in tioédéd) PC F675W cut profile.
However, the NICMOS F160W profile is almost unaffected byoapton; the identification of the core is not in doubt. NGG542s in the background of the
Virgo cluster D = 316 Mpc, Tonry et al. 2001). NGC 4382 has a complicated profi We interpret as the signature of an unrelaxed recent mggg@es). Two
alternative Sérsic fits to the galaxy are discussed in Apgehdall are consistent with the fundamental plane projasi discussed in § 8.



Structure and Formation of Elliptical and Spheroidal Gadax 21

_Oo5 N B _0.5 L T T T T T T T T T T T T T T T T I T T T T ]
%) r ] v C ]
1 00F -] I 00F -]
| C 4 | N ]
3 C ] C ]

0.5 F 3 0.5 F 3
:I L I£ I 1 1 1 1 I 1 L 1 1 I 1 1 1 1 I 1 1 1 1 I 1 I: : L 1 1 1 I 1 1 1 L I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 :
:l T T T I T T T T I T T T T I T T T T I T T T T I T |: : T T T T I T T T T I T T T T I T T T T I T T T T :
1.8 F 3 2.1 F =
T 2.0 F 3 Y o0 E— .:...o .'00\0000... —E
E 3 E o ]
2.4 __I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 I_- E 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 E
_l LI I LI I LI I LI I LI I T l_ : T T T T I T T T T I T T T T I T T T T I T T T T :
20 . — r B
o - E o 10 F =
S C ] ~> E ]
@] - 1L <R ] O . ]
S 0.0 [ .-..ﬂm'ﬁﬂ;“ RV - 1 S 0.0 £ -
- A 1 F ]
- - 1 ~—-10F 3
-2.0 F ] : E
N PRI R RTINS T S S HT T S U R S N RATR ] - .
_l LI I LI I LI I LI I LI I T l_ E B
2.0 . — - B
o C o N ] o 0.0 F =
¥ - ° A 1 3 C ]
2 0.0 oy ;.M""""r";; """""""""""""" ] 2 -1.0 E
° ¥ : . ] © Lok 3
-20F = TE 3
C T | | T | | [ T | | T | | [ | | [ ] ' .
:l T T T I T T T T I T T T T I T T T T I T T T T I T |: : :
’3? 150 - *{MMA“A s "8\ 150 - .
g 100 F i 3 g 100 =
< Few - ]
A+ A
0.4 f L3 E . 3
E At E 0.3 F o 4
o 0.3 3 Mq’, E v 02F A3
0.2 E = o ° a ]
“E E SRS Tates E
01F 3 01 F =
E E E 1 ”I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 B
16 | | 0.0 T ® T I T T T T I T T T T I T T T T I T T T T
i NGC 4636 ] 15F ¢ NGC 4552 —
L £3 - i E1 i
18 |- My = —22.10 M, = —21.66
- i n =565:88% ] . i n =922353 ]
g L i g - .
o 20 - @ i _
(2] - 4 n
g | 4 g 20 | ® Louer + 05 V * —
o 5[ ] o | o ACSV* |
g [ o Louer+ 95V + ] 2 + CFHT Cass V *
> - e PC F814W * : > " = SDSSV * 1
= [ + CFHT Cass V * b = - o Bender + 08 V * i
b2 Feetier s 90 v e ] < | A CFHI2K R * |
- e Coon + 94 B * E 25_0Coon+908* ]
26 |+ McDonald 0.8 m V * 7 4 McDonald 0.8 m V *
| - Sersic Fit (2.8" to 657") ] - - Sersic Fit (1.28" to 495") 7
| I T - I 1 1 1 I L1 1 | I 1 1 1 I L1 1 | I L1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0
ri/4 (arcsec'/#4) ri/4 (arcsec'/*)

FiG. 15.— Photometry of the lowest-luminosity core ellipteah the Virgo cluster.
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Fic. 16.— Photometry of the highest-luminosity extra lighipitals in the Virgo cluster NGC 4621 is the exception to twerelation betweem and core
properties discussed in 89. NGC 4459 has a prominent dusati®’ < r <107 (e.g., de Vaucouleurs 1959; Sandage 1961; Sandage& Be@e Farzi et
al. 2001; Ferrarese et al. 2006a). Therefore, a majorgakiEnd cut profile is shown as well as the ellipse fit resultshttws that the dust absorption is oal0.3
mag deep and is easily avoided. The profile is fitted only @téo the dust disk; the Sérsic index is robustly less thafil#ere is substantial extra light near the

center for any Sérsic fit to the profile outside the dust disk.
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FiG. 17.— Photometry of Virgo cluster ellipticals with extrghit near the center. In NGC 4473, this takes the unusual férancounter-rotating stellar disk
(Cappellari et al. 2004; Cappellari & McDermid 2005; Capgrelet al. 2007; see § 9.2 here for discussion).
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FiG. 18.— Photometry of extra light ellipticals. NGC 4434 is iretbackground of the Virgo clusteb = 224 Mpc, Mei et al. 2007), but it behaves like other
faint ellipticals.
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FiG. 19.— Photometry of Virgo cluster ellipticals with centeattra light. Note that the extra light component in NGC 445lke that in M 32 (Fig. 3) — is
especially well resolved spatially. “Extra light” is veryfferent from “nuclei”, that is, tiny nuclear star clustessch as that in M 33 (Kormendy & McClure 1993;
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FiG. 20.— Photometry of Virgo cluster dwarf elliptical NGC 448lotted to show the overall profildeft) and an expanded region near the centight).
The major-axis cut profiles derived from the HST PC (F555W AGS (g-band) provide (and are illustrated with) independérttand zeropoints. We adopt the
mean of these two zeropoints. The amount of extra light atémeer is underestimated by tWeprofiles, because the extraordinarily strong nuclear diske(that
ay/areaches almost 10 %) has an embedded, edge-on dust land ar fad’”” (Kormendy et al. 2005). The absorption is more obvious inomakis cut profiles
(lineg) than in ellipse-fit profilesgointg. Also, as expected, the absorption is strongedt endg, less strong in ACS, and least strong in the CFHT adaptive
opticsK-band image. But the kink in the profile af uggests that there is some absorption eve limnd (see Kormendy et al. 2005 for further discussion). The
electronic tables provide both a pireband profile and one that hay/aband zeropoint but thi§-band profile substituted at/4 < 1.1.
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FIG. 21.— Photometry of Virgo cluster ellipticals with centeadtra light. For NGC 4415, the choice of fit range is discusadeigures 62 and 63 (Appendix A).
These show two alternative fits to the major-axis profile afitita the minor-axis profile. For NGC 4464, the PA glitchrat* ~ 2.4 is probably not real.
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FIG. 24.— Photometry of faintest known ellipticals in the Virgaister.
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They are slightly fainter than M 32, which g
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=-16.69 andn=2.82+0.07.
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FiG. 25.— Composite brightness profiles of Virgo cluster spitio(Sph) galaxies ordered by total absolute magnitdge. Symbols, parameters, and color
coding are as in Figures 11 — 24.
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FIG. 26.— Photometry of Virgo cluster Sph galaxies. In VCC 19b@, outermost part of the PA twist and the outer rise inay be spurious (caused by PSF
overlap with a nearby star).



Structure and Formation of Elliptical and Spheroidal Gadax

-0.5

M~ Mg

0.0

»

o

o

[}

©
g:u

!P

1.8

2.1

100 az/a
|

- O =
o o o

100 q,/a
|

- O =
o o o

220
200
180
160
140

PA (degree)

!

[ ]
%
%%ﬂ
||||||||||||||S[|]||| b b b b b by s i IIIIIIIIIIIIIIIIIIIIIIII-IIﬁﬁllllllI

o
»

0, q A
o® ll%d] ﬁ ‘A
Ogo DDDD g 0
o ST=x}

0.2

0.1

€
IIIIIIIIIIIIII

0.0

[a]

o
=}
||||U[1|||||||||

T

»

18 -

20 -

22

24

(V. mag arcsec?)

26

| o ACSV *

[~ 4 McDonald 0.8 m V *
| - Sersic Fit (1.12" to 48")

e
VCC 1431
Sph,N
My = -17.36

n = 149*3% 1

m SDSS V *
A CFH12K R *

0.0

0.5 1.0 1.5
ri/4 (arcsec'/#4)

FIG. 27.— Photometry of Virgo cluster Sph galaxies.
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FiG. 28.— Photometry of Virgo cluster Sph galaxies. The outeHTH R-band profile of VCC 1828 is not accurate because the galdsydia one of the poor
CCD chips of the mosaic: the sky values are mottled and thewliraction is not as accurate as normal
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F1G. 29.— Photometry of Virgo cluster Sph galaxies. VCC 1185 Y@ 1489 have almost the same absolute magnitudes as thestaiwarf ellipticals in our
sample, VCC 1627My 1 = -16.44), VCC 1199 [yt = -15.53), and M 32 kvt = —16.69). But the spheroidals have very different brightnessilpsthan the
ellipticals. Contrast especially the faint extrapolatedteal surface brightness of the Sérsic fits to VCC 1485 2112V mag arcse®) and VCC 1489 ( = 21.52
V mag arcse®) with the 100-times brighter values for VCC 1627 £ 16.24V mag arcse@) and VCC 1199 4 = 16.38V mag arcse?) and the still brighter
value in M 32 {1 = 1342V mag arcse®). The dichotomy between E and Sph galaxies is particuldégrcut in central parameters (§ 2.1 and Figures 34 — 36),
although it is also seen in global parameters (Figures 3B8pdvCC 1489 is the lowest-luminosity Sph galaxy in our sEenwhich favors spheroidals that most
resemble M 32-like ellipticals. Nevertheless, it is brigithan the majority of spheroidals in the Virgo cluster (Bepires 34, 37, and 38).
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FiG. 30.— Photometry of Virgo cluster SO galaxies. Symbolsapeeters, and color coding are as in Figures 11 — 29. The absokgnitudes quoted in the keys
of Figures 30 — 32 refer to the bulge only (see notes to Tablidde the obvious disk signatures in #agprofiles of both galaxies. Both galaxies are highly inclined
In contrast, NGC 4489 (next page) is almost round and shoveg ne0 disk signature. NGC 4570 obviously looks like an edge-omnSthages and is normally
classified as such. But NGC 4660 is a good example of an SOyg#iakis traditionally misclassified as an elliptical (Tatdl). Its disk contributes relatively little
light, and the galaxy is seen far enough from edge-on so ltieadlisk is evident mostly from they, profile. The SO nature of NGC 4660 was established by Rix &
White (1990) and by Scorza & Bender (1995).



Structure and Formation of Elliptical and Spheroidal Gadax

1.0 [
" -
}—0.5 -
3 F
0.0 [
: ] 1 1 1 I 1 ] 1 1 I 1 1 1 1 I :
: T T T T I T T T T I T T T T I :
2.1 F . -
E * ..Q.'...O. E
| 2.2 - ....o . ® ...... -
23 F P 3
: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I :
: T T o T I T T T T I T T T T I :
SWE aE
o E S0 mfy o Aty a0 Wge™” =
g 00 E
—-10F ¢ . =
: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I :
[ T T T T I T T T T I T T T T I ]
° 20fF anba,, R
3 L ° wa, ]
° ¥ o? = ) )
8 0.0 MR 5 w%&;ﬁu%'g;ﬂ. """""""""" !'iilg. """ -

)]
@]

> -
o r «©
o - %
g s0F ", e PR,
by C s ]
a 40 f =
r I I I | I I I I | I I I I [
1 T T T | T T T T | T T T T ]
0.6 - ]
0.4 F
w r ]
02 F =
C e b
r o I I I | I I I I | I I I I -
0.0 T T | T T T T | T T T T |
L NGC 4564 4
SO
15
My = —19.45

u (V mag arcsec~?)
Y
o
I

25 -

= 4+ O e ¢

» O

Ferrarese + 94 V *
PC F702W *

ACS V *

CFHT Coss V *
SDSS Vv

Bender + 08 V *
CFH12K R *

Sersic + Exponen
1 1 1 I 1

n = 4.69+0.20 |

tial Fit (0.26" to 93.2")

0.0

1.0

2.0

r!/4 (arcsec'/#)

FiG. 31.— Photometry of Virgo cluster SO galaxies. Note thattigialy inclined galaxy NGC 4564 shows a strong dislgy> 0 signature, but the much rounder,
presumably nearly face-on galaxy NGC 4489 does not (seeBaisder et al. 1989; Kormendy & Bender 1996).
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FiG. 32.— Photometry of Virgo cluster SO galaxies.
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2.5

NGC 4318 is a

good example of a tiny SO galaxy that is easily misclassifiedraelliptical.
High-resolution photometry is required to distinguish #mall bulge, and
spectroscopy is required to verify that the outer compoisemtlisk (see § 7.6).

8. PHOTOMETRY RESULTS. |I.
PARAMETER CORRELATIONS AND THE DICHOTOMY BETWEEN
ELLIPTICAL AND SPHEROIDAL GALAXIES

One principal result of this paper is to verify the dichotomy
between elliptical and spheroidal galaxies (§ 2.1) with evad
accurate photometry. This is done in Figures 34 — 39. Itis a
necessary step in refining our sample of elliptical galaxies

Challenges to the E — Sph dichotomy are based mostly on
two claims, (1) that the correlation between Sérsic index
and galaxy luminosity is continuous from spheroidals tigfou
ellipticals, and (2) that other parameter correlations are
continuous between spheroidals and low-luminosity étlgs.
With more accurate parameter measurements, we can bstter te
these claims. We agree with (1) but not with (2).

Figure 33 shows the correlation betwaeeandMy . Blind
to the E—Sph distinction (Figures 34 —39), we would conclude
that then—My 1 correlation is continuous over all luminosities.
But this does not prove that E and Sph galaxies are related.
If they are different, then Figure 33 just tells us that the
n—Myt correlation is not sensitive to the physics that makes
them different. There are other, similar correlations. wéd
morphologically blindly, E, Sph, and even Im galaxies are
continuous in the correlations between metallicity anchggal
luminosity or velocity dispersion (Bender 1992; Benderlet a
1993; Mateo 1998; Tremonti et al. 2004; Veilleux et al. 2005)
Again, this does not mean that E, Sph, and Im galaxies are the
same. The conclusion is that gravitational potential weptth
and not the details of galaxy structure governs the degree to
which metals returned to the interstellar medium duringjeste
evolution are retained by a galaxy (Dekel & Woo 2003). So
all galaxies roughly satisfy the same metallicity — lumiitys
correlation. Looking at the correlations with morphology i
mind, Mateo (1998) and Grebel (2004) find that Sph galaxies
are slightly more metal-rich than Im galaxies of the same
luminosity. Similarly, ellipticals generally have high8érsic
indices than spheroidals of the same luminosity.
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FiGc. 33.— Correlation between Sérsic indexandMyT: red, blue, green,
and turquoise points show our core Es, extra light Es, Spéxge, and SO
bulges. Green triangles show all spheroidals from Fereagtsal. (2006a)
that are not in our sample. Crosses show all spheroidals Gamazzi et al.
(2005) that are not in our sample or Ferrarese’s. Open ssjaaecfor Local
Group spheroidals (Caldwell 1999; Jerjen, Binggeli, & Fnea 2000). Open
symbols refer to galaxies that are not Virgo cluster members
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and spheroidal galaxies. Hergyy is the major-axis radius of the elliptical 30 ! Lt Lt
isophote that contains 10 % of the light of the galaxy @ngh is the surface 0 1 2 3
brightness at that radius corrected for Galactic extimctiorhe 10-%-light r/4 (kpe'/4)

radius is approximately the smallest radius that is outtidenucleus in Sph
galaxies and outside cores and extra light in Es. The ceateslshowsgi1g9,
versus totalV-band absolute magnituddyt. The bottom panel shows g,
versusMyt. The symbols are as in Figure 33. Open squares are Local Group
spheroidals from Mateo (1998) and from McConnachie & In20@6).

To distinguish galaxy types, we need to use all parameter5 % gives similar results. We calculategy, and pi109, for our
correlations. We need to find out which ones are sensitive galaxies directly from the photometry without using anialyt
to formation physics. Given how the E—Sph dichotomy was fitting functions and without interpreting the profiles.
discovered, we expect that some of the relevant correkatidlh All panels of Figure 34 show two distinct, often nearly
involve nearly-central surface brightnesses and radjufe 34 perpendicular sequences of galaxias in Kormendy (1985b,
shows such correlations. We also show in Figures 35 and 86 tha1987b). The high-density sequence consists only of elbgi
E and Sph galaxies can be distinguished by their qualifgtive The other sequence initially consisted mostly of sphetsida
different surface brightness profiles, and in Figures 373%hd  (called dE or dSO in Binggeli et al. 1985, Gavazzi et al. 2005,
that we reach similar conclusions using global parameters. and Ferrarese et al. 2006a) plus a few galaxies that were

The top panel of Figure 34 shows the surface brightpess classified by Binggeli et al. (1985) as low-luminosity, M Bize
at the isophote that contains 10% of the light of the galaxy Es. We included all of these, because we did not know which
versus the radiusy gy, Of that isophote (Table 1). The central were E and which were Sph — or, indeed, whether the two types
panel showsuioe versusMyr. It is analogous to Figure 1, could be distinguished — until Fig. 34 — 38 were constructed.
which shows values or limits at the smallest radii reached by We included as many E—Sph transition objects identified by
the observations. Here, we prefer to measure parametdrs att other authors as we could. Our sample is strongly biased
10-%-light radius, even though they are less sensitiveddth in favor of spheroidals that are most like ellipticals. Digsp
Sph distinction than are parameters measured at smalliér rad this bias,the E and Sph sequences are clearly distinct. The
There are two reasons. First, these parameters are coipplete differences between E and Sph galaxies do not depend on how
insensitive to PSF smoothing. Second, they measure nearlywe measure parameters; E and Sph profiles are qualitatively
central properties of the main bodies of the galaxies oetiid different (Fig. 35 and 36). We therefore use Figure 34 to
radii of extra or missing light near the center. Our condusi reclassify as Sph the few galaxies that have parametergin th
are not sensitive to the choice of the fraction 10 %; for examp Sph sequence but that were called E by other authors (Table 1)

FiG. 36.— Major-axis profiles of all E and Sph galaxies in our skmp
corrected for Galactic absorption and scaled so that rasliirskpc. Plotted
with thick dashed lines are the two faintest Sph galaxies tmmdwo faintest
extra light ellipticals in our sample. They happen to haeeghme meahly 7.
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FiIG. 37.— Global parameter correlations for elliptical and explidal FiG. 38.— Global parameter correlations for elliptical and esplidal

galaxies and for SO bulges. The panels are analogous to ithésgure 34,
butre is the effective radius that contains 50 % of the light of tiatagy and

e is the surface brightness et These are the parameters of the Sérsic fits
to the major-axis profiles (Table 1); as a result, we can aeI$0 bulges,
which require a profile decomposition that is based in a 8éitsb the bulge.
Otherwise, the symbols are as in Figures 33 and 34. The E dmg@pts in
our sample have error bars; most are too small to be visible blue point
among the green points in Figures 37 and 38 is for VCC 1440s dtdarly
classified E in Figure 34, but its position is symptomatictaf fact that the
Sph sequence approaches the E sequence near its middies faottiend).

galaxies. Symbols are as in Figures 34 and 37. Effectivasebrightnesses
e and major-axis effective radiie are calculated by integrating isophotes
with the observed brightness and ellipticity profiles outhaf of the total
luminosity. SO bulges are omitted, because bulge-diskrdposition requires
assumptions that we do not wish to make for this figure — eithegrthe bulge
and disk profiles have pre-chosen analytic functional foomtghat ellipticity

is constant for each of the components. Thus for our samglge, andMy T
are independent of Sérsic fits. For the other samples, tlzeneders are based
on Sérsic fits and are corrected to the major axis when negessa

The scatter in Figures 37 and 38 is small enough and the

Figures 37 and 38 are analogous to Figure 34 but show globalspatial resolution oHST photometry is good enough to show
parameters (Table 1). Figure 37 is based on Sérsic fits to thethat the lowest-luminosity Virgo ellipticals extend théical
major-axis profiles. Figure 38 is based on integrations ef th galaxy correlations continuously and with almost no change

brightness profiles and is independent of fitting functiofise
top panels show effective brightness versus effectiveusadi

the Kormendy (1977) relation. It shows the fundamental@lan

slope from typical giant ellipticals all the way to M 32. Thst
M 32 is a normal, tiny — and hence “dwarf” — elliptical galaxy.
Most important, the sequence of ellipticals is well enough

close to edge-on. The bottom panels show the correlations ofdefined so we can see with confidence that the Sph sequence

e andr with total or (for SOs) bulge absolute magnitude.
Figures 37 and 38 further confirm the distinctions illustcat

approaches it not at its faint end but rather near the midtle.
is not the case, as suggested by Graham & Guzman (2003),

in Figures 1 and 34-36 between elliptical and spheroidal Graham et al. (2003), and Gavazzi et al. (2005), that E and Sph
galaxies. Our results are clearcut because we have a large ra galaxies define a single set of correlations from which giant

in Myt and because we have accurate brightness profiles oveellipticals deviate only because they have cores.

Cores are

large radius ranges. We can derive accurate galaxy pareanete “missing” ~ 1+ 1% of the galaxy light (Table 1); they have

so we can see that the scatter in thg-r correlation for
ellipticals is small. This confirms the fundamental plarsuits

negligible effects on global parameters.
This confirmation of the E— Sph dichotomy is not new; it is

of Saglia et al. (1993) and Jagrgensen et al. (1996). Theescatt just better defined by our photometry. The middle panels of

increases slightly toward the faintest galaxies. This peeted,

Figures 37 and 38 can be compared with Figure 1la and the

because they form in fewer mergers than do giant galaxies, sobottom panels can be compared with Figure 1b in Binggeli

the details of different merger histories matter more.

& Cameron (1991). They did not haw¢ST photometry, so
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the faint part of their E sequence is not well defined and the 9. PHOTOMETRY RESULTS. L.
degree to which M 32 is a normal dwarf elliptical is not obvdou BRIGHTNESS PROFILES OF ELLIPTICAL GALAXIES

of a “dichotomy [that] appears strongest in the King core properties of the brightness distributions of ellipticalaxies.
parameter diagrams but [that] is basicattpdel-independeht Interpretations are discussed in §§ 10— 12.

(their emphasis). Bender et al. (1992) also emphasized that

in addition to elliptical galaxies, “a second major sequeisc 9.1 Sérsic Profiles of the Main Bodies of Elliptical Galaxies
comprised of dwarf ellipticdl§ and dwarf spheroidals. These Figures 11—24 in §7 and Figures 49—67 in Appendix A

systems populate an elongated locus running at right atgles . ; X . R .
the main elliptical locus” in the fundamental plane parameters show that_SerSK_: functlons .f't the major-axis bnghtnesa&lgs)
of the main bodies of elliptical galaxies remarkably wehi§

Qefined in their paper. The different lO-Ci of E and Sph galaxie js a resounding confirmation of the studies reviewed in §3
In parameter space can also be seen in many other papers (e. C‘{Nith the improged accuracy and dynamic range provided b)}

Capaccioli, Caon, & D’Onofrio 1993; Chilingarian et al. ZQ0 i X e .
composite profiles, we now see quantitatively how well this

2008), including the ones that criticize the existence & th > o : .
dichotomy. How clearly it is seen depends on sample selectio smgl_e, three—parameter f'f[t'ng fu_nc_t|on Wc_)rks. Appe_nQ|x A
provides details. For 9 giant ellipticals with cores (omijt

ticularl hether low-luminosity E included . 4 . . X ; .
(particularly on whether low-luminosity Es are includedyla NGC 4382), Sérsic functions fit the major-axis profiles with

th tial luti ilable for the | t-lumi : )
glrl]ipti(?alsépétlaae '&g;%ﬁc;&nBival able for the lowest-luminos a mean RMS dispersion of @2+ 0.006 mag arcseé over
The E - Soh dichot is al ident in their diff t & mean surface bnghtngss range Mfiy =_8:7i0.4 mag
© ph dichofomy 1S a'so evident in teir aiieren arcsec?. For the 16 extra light ellipticals (omitting NGC 4515),

luminosity functions. Our figures, Ferrarese et al. (2006a) Sérsic functions fit the major-axis profiles with a mean RMS
K dy & Bender (1994), and Bi li&C 1991) ) . )
ormendy ender ( ), and Binggell ameron ( ) gdispersion of 045+ 0.005 mag arcseé over a meam\ iy

show that a small number of Sph galaxies closely approach th i< also &+ 0.4 2 Thatis. Sérsic f . f.
E sequence as defined by global parameters. They are rare — th{at IS aso &+ 0.4 mag arcsee. atis, STSIC unctions fit
luminosity function of Sph galaxies falls rapidly towargher 1€ brightness profiles to 4 % (sometimes 2 %) over a range of

luminosities atMyt < —18 (Sandage, Binggeli, & Tammann 3000. (Sometime§ 10,000 in surface brightness. :
1985a, b). But it rises dramatically toward loweras hinted T.h's result is re_markable because there is no astrophysmal
at by the samples in Figures 34, 37, and 38 until they reach basis for the Sérsic function. We know no reason why violent

tiny dwarfs that are rarely studied outside the Local Group. relaﬁat!ona_f?sapatlon, 6_‘”dd_§ftaf formz?tlo_n should C‘me*
In contrast, the luminosity function of elliptical galagias ~ SUrély In diiferent ways in diiterent galaxies — to produce s

a broad maximum near where the Sph sequence approaches fiMPl€ and general a density profile. We note in §10.4 that
and is bounded at both bright and faint magnitudes. Dwarfs merger simulations make profiles that are more _nearly _SerS|c
like M32 and giants like M87 are rare. These results are functions thanr/4 laws. The reasons why Sérsic functions

clearly demonstrated in Sandage et al. (1985a, b) and rediew work so _vveII may deserve further investigation. .

in Binggeli, Sandage, & Tammann (1988). Sandage et al. Everj |f_we do_not h_ave an explan_atlon, the empirical result
(1985b) conclude that the difference in luminosity funoio ~ that Sersic functions fit well has an important consequetice.
“suggests that dE’s do not form a continuum with the giant E's &llows us confidently to identify and interpret departumesrt

but rather [that they] form separate families” as argued loyhW thes_e fits. Otherwise — _'f the best .analytlc re presentaﬂid_)ha)

& Gallagher (1984) and by Kormendy (1985). Binggeli et al. profile were only margmally_appllcablg, with proflle_W|ggIe
(1988) reach the same conclusion. above anq below that function seen in most g_aIaX|es and at
We believe that the E — Sph dichotomy is a secure result. many radii — the use of an analytic fitting function would be

Nevertheless, by using the word “dichotomy”, we do do not Nothing more than fancy numerology.

mean to imply there is an empty gap between their sequences We discuss departures from Sérsic profiles in §8§9.2—-9.7.

in global parameter space. A few galaxies are close enough to

both sequences so that their classifications are uncemigis

most evident for VCC 1440, which is clearly in the E sequence

in Figure 34 but which plots among the Sph galaxies in Figures Cores occur in all of the 10 brightest ellipticals in our séenp

37 and 38. What does this mean? eight are in Virgo and two are in the background. Our faintest

These galaxies are not a problem for the developing scenariocore galaxy is NGC 4552 = -21.66. We find no cores in

of E and Sph formation. For example, in galaxy harrassment, fainter galaxies; our brightest coreless galaxy is NGC 4&21

it is not unreasonable to expect that gas dissipation, inflow Myt =-2154. The perfect separationft,+ = —21.6 between

and star formation will be most vigorous in the biggest Sph core and coreless galaxies is a fortuitous feature of oupkam

progenitors. These events may not be completely different f (see below). Nevertheless, the degree to which one corglude

the starbursts that accompany dissipative mergers. The samthat core and coreless galaxies overlap in galaxy lumindsit

may be true for the biggest starbursts in blue compact dwarfs affected by the definition of what constitutes a core:

So itis reasonable that E and Sph galaxies have fundamentall We define a core as the central region in a bulge or elliptical

different formation mechanisms but that a few of the biggest galaxy where the brightness profile breaks away from anddrop

Sphs end up not too different from some ellipticals. below a Sérsic function fitted to the outer profile. This is the
definition adopted by Kormendy (1999): “Elliptical galagie
are divided into two types: galaxies with steep profiles that
show no breaks in slope or that have extra light at small radii

9.2. Cuspy Cores in Giant Ellipticals:
The Definition of Cores

9They have since changed their minds (Jerjen & Binggeli 1997)

10Bender et al. (1992) use the terminology of the SandagegRingirgo cluster survey papers (Sandage & Binggeli 198#igBeli et al. 1985, and references
therein) in which bright spheroidals are called “dwarflitals” (dEs).
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compared to a Sérsic function fit and galaxies that show &brea

from steep outer profiles to shallow inner profiles.” Figuria 3
that paper demonstrates that the breaks in the projectéitepro
of cores correspond to real breaks in the deprojected psofile

Kormendy et al.

NGC 4486B (Figure 22) is a simpler example. The double
nucleus (Lauer et al. 1996) makes the major-axis profilesfhatt
out near the center. So the Nuker definition says that thexgala
has a core (Lauer et al. 1996, 2005, 2007b; Faber et al. 1997).

This confirms analyses of the Nuker galaxies by Gebhardt et al Of course, the complication of the double nucleus was known.

(1996) and by Lauer et al. (2007b). Similar definitions ofesor

Interestingly, Figure 22 now shows that the central profile

based on profile breaks have recently been adopted by Graharflattening and double nucleus are features in an extra light

et al. (2003), Trijillo et al. (2004), and Ferrarese et a(@a).
The Nuker team definition is different: a galaxy has a core if
the inner slope of a Nuker function fit (Equation 1his< 0.3

(Kormendy et al. 1994; Lauer et al. 1995, 2002, 2005, 2007b;

Byun et al. 1996; Faber et al. 1997). This definition is not
different in spirit from ours. It is also based on the detatti
of an inner, downward break in the profile from an outer power
law, which fits profiles well just outside the break radiys
Most profiles wiggle: a fit of Equation (1) almost always spits
out a value of,. A quantitative criterion was needed to decide
when the break was strong enough to justify the identificatio

a core. There is na priori way to choose a numerical criterion.
The decision to use < 0.3 was based on the observation that

component (see below) that is very well defined.

Finally, consider NGC 4458 (Figure 19). Lauer et al. (1996)
call it a power law galaxy based d¢#ST WFPC1 photometry.
Based on higher-resolution WFPC2 data, Lauer et al. (2005)
see a small core. Figure 19 shows that the galaxy has a
remarkably clearcut extra light component. But at the aente
the profile clearly flattens. This may be an example of an
interesting phenomenon that is allowed but not predicteithby
formation scenario suggested in this paper. Suitable guafn
the relative timescales of merger-induced starburstsofwhve
suggest, make extra light components) and the orbital decay
of binary black holes (which, we suggest, scour cores) might
make it possible to grow a core in an extra light galaxy. The

~ values are bimodal and that there is physics in this. Is theredisadvantage of the Nuker definition of cores is that, withou

any collision between the Nuker definition and ours?

using the whole profile, it misses the fact that NGC 44&®

The answer is “no”, because both definitions are designed tocontains an extra light component.
capture the same physics. They agree on most galaxies. They One advantage of our definition is that it eliminates corfasi
disagree on a few objects. But both definitions occasionally about the existence of cores in Sph galaxies. Trujillo et al.

produce unphysical results, if they are applied blindlythaiit
taking other information into account. The objects invalve

(2004) and Ferrarese et al. (2006a) criticize the Nuker iiefin
because it “identifies” cores in Sph galaxies: most of them

tend to be the ones on which the two definitions disagree. We have Sérsic indices ~ 1, so they have shallow profiles with

illustrate this with a few examples.

The most remarkable example is NGC 4473. Lauer et al.

(2005, 2007b) classify it as a core galaxy; Ferrarese e1294)

~v < 0.3 near the center. As a result, the- My correlation
is not monotonic. Trujillo et al. (2004) note that this coble
interpreted as part of a dichotomy between E and Sph galaxies

reached the same conclusion based on a related definitionbut they do not believe in this dichotomy, so they interprasi

We can do so, too: Figure 580f) in Appendix A shows
an excellent fit of a Sérsic function with RMS = 0.043 mag
arcsec® between 29 and 311 radius. The fit has = 6.140.4
and implies a core. It looks consistent with our other coee fit

a shortcoming of the Nuker definition. We show in Kormendy
(1985b, 1987b) and in §8 here that the E — Sph dichotomy is
real. So the issue of almost-flat central profiles in Sph getax

is moot anyway. Sph structure is related to disk structurisksd

except that the onset of the core is more gradual than nosnal a haven ~ 1 profiles, too (Freeman 1970) — neither are related to

r — 0. There is no operational reason to discard this fit. Indeed,

it is substantially nicer than the fit that we adopt (Figure 58
botton), which has RMS = 0.070 mag arcSéover a much
smaller radius range. This fit gives= 4.00:218 and no core.
Instead, there is “extra light” interior to 23 Why do we
prefer the inferior-looking fit? The reason is that SAURON
observations show that the galaxy contains a counterimgtat

E structure. In addition, Sph profiles generally show no ksga
they are well fitted by single Sérsic functions at all radiiside
their nuclei (Figures 25 — 29). By our definition, they would
not have cores even if they were related to ellipticals.

Finally, we return to the luminosity overlap between core
and coreless galaxieAMy ~ 24 0.5 mag (Faber et al. 1996;
Ravindranath et al. 2001; Laine et al. 2003; Lauer et al. BpO7

embedded disk: added to the main galaxy, it results in a largeWith the above tweaks in core classification and distancesda

apparent velocity dispersion along the major axis but novab
and below it (Emsellem et al. 2004; Cappellari & McDermid
2005; Cappellari et al. 2004, 2007). Figure 5 in Cappellari
et al. (2007) shows that the counter-rotating disk is ingoart
from small radii out to 19 but not at larger. It is associated
with a strong disky signature in Figure 17. The counteriiotg

on surface brightness fluctuations (Tonry et al. 2001; Mai.et
2007), the overlap region in the Faber et al. (1996) sample —
which we can study in detail — is reduced+00.7 mag. But

it is certainly not zero: NGC 3379 is robustly a core galaxy
with My ~ -20.9 and NGC 4621 is robustly a coreless galaxy
with My = -215. The larger sample of Lauer et al. (2007b)

disk is presumably the result of a late accretion. It does not shows overlap mainly at20.5 > My > —-23 (Figure 48 here).
contain much mass, and it has nothing to do with the basic These clasifications have not been repeated with the present

structure of the galaxy. We therefore fit the profile from 24"
outward, excluding the counter-rotating disk (see Figug 5
As a result, our interpretation changes. With the 6.1 fit,

it would have been an unusually faint core galaxy with profile
systematics that disagree strongly with Figure 40. Theee ar
well known virtures to the application of analysis machyner
without premature interpretation. But in this case, theitaiu

of kinematic information dramatizes how apparent virtuzaa c
lead one astray. We adopt the 4 fit in Figure 17 and Table 1.
Then NGC 4473 is a slightly unusual extra light elliptical.

definition, but we find in §12.3.1 that NGC 6482 is an extra
light galaxy with My ~ —-22.3. There are interesting hints
that “poor galaxy groups can harbor more luminous power law
galaxies than clusters” (Quillen et al. 2000; see also Fabait
1996). We agree: the unusually bright coreless galaxies NGC
6482 and NGC 4125 (Figure 48) are in poor environments.
On the other hand, some power law galaxies are also brightest
cluster members. The environmental dependence of the E — E
dichotomy deserves further investigation. We will addbés

in a future paper.
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9.3. Extra Light Near The Centers of Coreless Ellipticals although they do not tell us whether the gas that formed tkle di

was internal or accreted. In contrast, kinematic misalignts
NGC 4621 =-2154) to VCC 1199 =-15.53), o L e )
that is, all the Sg\}/nTt eIIipticaIs) in our sample,l(g\(/)Tnot hame:)s. do not necessar|ly_|mply dissipative form_atlon, but theyena
They are called “power law” ellipticals in Nuker team papers traditionally been interpreted as accretions. Work by the

because their profiles are approximately featureless plauwer SACL:JOTSEsthaim T(?r\:\é;haci\i’gzltlgaéég'osulslggt ;l\ilgzéfigr?gdeggn ters
over the relatively small radius range studied in those mape . ’
One of the main results of this paper is that these galaxies'nC|Ude NGC 4365, NGC 4382, NGC 4406, NGC 4472, and

do not have simple, almost featureless Sérsic profiles at all ?LGSCh455h% (V\%98n86.r Ist al. 19t88|; ?Sgggr E%%b; ‘]etdrzle]fs\;\ésf
Instead, all Virgo ellipticals that do not show cores have chechter , Franx et al. , bender et al. '

extra light near the center above the inward extrapolatidn o Surma & Bender 1995; Davies et al. 2001; de Zeeuw et al.

Arai : . . : - . 2002; McDermid et al. 2006; Krajnawviet al. 2008). The
Sérsic functions fitted to their main bodieS.hese galaxies | L
behave exactly like the extra light galaxies that are 3iszed$n most thoroughly studied subsystem is in NGC 4365. Its céntra

- S turcture is disky (Figure 13) and rapidly rotating/¢ ~ 1.4;
Kormendy (1999) and illustrated in Figure 3 here. Therefore S i : .
the results of Kormendy (1999) are not a fluke that applies Surma & Bender 1994). The main body shows minor-axis

- : .~ rotation (Wagner et al. 1988) and so is triaxial (Statlerlet a
ggg;gr:|ffeevgytuurguosfufcl)r%?ézélZﬁi'p':;:cxgg light near the center | 2004). NGC 4406 shows similar kinematic decoupling (Bender

- ; 1988b, Bender et al. 1994) and minor-axis rotation (Wagner
This adds a new feature to the E — E dichotomy. Table 1 . ;
lists the amount of light “missing” or “extra” with reyspea:l ¢ et al. 1988; Jedrzejewski & Schechter 1989; Franx et al. kP89

the inward-extrapolated Sérsic fit expressed as a percéstadf The observation of disky isophotes aMjo ~ 1.4 is
luminosity. Core Es are missing 0.17—4.2 % of their statligh normally interpreted as an argument for dissipative foromat

near the center. The mean is 1.15%; the median is 0.84 %, andiOWeVer, van den Bosch et al. (2006) model two-dimensional
the quartiles are 0.22% and 1.52%. Coreless ellipticale hav thgtJ'_\)tﬁg] l;{:ﬁg;i"g% aggcgBoltg(;neég%t?glsi;vtzttli%as f‘igd r?gtow
0.27% to 12.6 % extra light near the center. The median is P

2.3%; the quartiles are 1.3% and 5.6%. The range is Iarger?ﬁ’enag:‘:)?"y ?t':t'srt‘ggrgg [r;heetatlr-lﬁ)éjjile?gr%gr?tr%\?eﬂr;gﬁf\t dgfnt
than the range of missing light in core ellipticals. 9 Y. ’ '

Diagnostic of formation processes, extra light often hakyi and old (Surma & Bender 1995). Davies et al. (2001) remark

characteristics. It has, > 0 in NGC 4458 and NGC 4478 (see [hat “the decoupled core and the main body of the galaxy
also Morelli et al. 2004), NGC 4464, NGC 4467, NGC 4473, have the same luminosity-weighted age 14 Gyr, and the
NGC 4486A (see also Kormendy et al. 2005), NGC 4515, NGC same elevated. magnesium-to-iron ratio. The similarityhef t
4551 (see also Lauer et al. 1995), NGC 4621, VCC 1627, andStellar populations in the two components suggests that the
VCC 1871. The isophotes remain disky well into the Sérsit par observed kinematic structure has not changed substgritiall

of the profile; in fact, they are sometimes most disky theig an 12 Gyr. There. IS No need to postulate late accretion of a
not in the “extra light” part of the galaxy. cold component; major mergers can make decoupled kinematic

The extra light is neutralag ~ 0) or boxy @, < 0) in NGC subsystems (Jesseit et al. 2007; Naab et al. 2007b). Kiiemat

4459 (which, however, has an embedded dust disk), NGC 4434 SUPcomponents in core galaxies appear to be no problem for
NGC 4387 (which otherwise is boxy), NGC 4486B (see below) our picture that these galax_le_s were made in dry MErgers.
VCC 1199. and VCC 1440. NGC "1434 and VCC 1440 aré Still, it would be surprising if late accretions did not

) ; : ionally build a nuclear disk in what used to be a core E
almost round; the observed correlation af with apparent occasiona o
flattening implies that ellipticals are either boxy or diskizen despite “protection” (§ 12.3) from X-ray gas halos. NGC 4621

TS be an example. A more obvious example is NGC 5322
seen edge-on but have nearly elliptical isophotes when see ay . . )
face-on (Bender et al. 1989; Kormendy & Bender 1996). So Bender 1988b, Rix & White 1992; Scorza & Bender 1995).

these galaxies have no leverage on the question of Whethe;rhe presence of an edge-on dust disk (Lauer et al. 1995, 2005)

extra light is disky. In NGC 4486B, the extra light includes guarantees that the subcomponent was formed dissipatively

- Extra light ellipticals with distinct kinematic subsystem
the double nucleus (Lauer et al. 1996). Tremaine (1995) . :
interprets the analogous double nucleus of M 31 as an egzentr include NGC 4473 (§9.2) and the following. NGC 4458 has

H H < 24~ /!
disk. Statler et al. (1999), Kormendy & Bender (1999), tatl & fapidly rotating center at = 05; atr > 57, the galaxy
(1999), Peiris & Tremaine (2003), and Bender et al. (2005) rotates slowly or in the oppos,lt_e direction (Halliday 6@01’
discuss observational evidence in favor of this model. Emsellem et al. 2004; Krajnaviet al. 2008). NGC 4458 is one

We conclude that extra light is usually disky. Ferrarese et of the clearest examples of extra light (Figure 19); it ressch

/! H H H H
al. (1994) reach a more extreme conclusion: they suggest tha Ut torﬂﬁ : S|m|Ia{Iy,| "21 NGC 4387, H?Illday ettalt._ (20:|)1)
all power law galaxies are coreless because of central .disks suggest that a central decreaseqnimpiies a rotationally

; . - ted subsystem that is confirmed by Emsellem et al.
Lauer et al. (1995) disagree; they show non-disky examples.slJppor A )
We do, also. Nevertheless, the frequent observation tleat th (2004) and Krajnow et al. (2008). NGC 4621 has a rapidly

O . . s rotating, disky center, as suggested by Bender (1990) awd no
extra lightis disky is a sign that it was produced by dissqpat beautifully shown by two-dimensional SAURON spectroscopy

(Emsellem et al. 2004). Figure 16 shows its disiysignature.
In all three galaxies, SAURON two-dimensional maps ¢f H
Another clue to galaxy formation is the observation thaesor  line strength reveal no difference in age between the ddedup
and extra light are often associated with kinematic sulesyst  center and the rest of the galaxy (Kuntschner et al. 2006).
that are decoupled from the rest of the galaxy. We distifguis ~ These results further imply that extra light componentafor
kinematic subsystems that are misaligned with the photdeet  dissipatively. Usually (but not always) the stellar popiala
axes from cold, disky subsystems that corotate with the restindicators suggest that the central extra light structéoesed
of the galaxy. The latter are evidence for dissipative fdioma approximately at the same time as the rest of the galax@s.st

9.4. Kinematic Subsystems in Core and Extra Light Galaxies
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F1G. 39.— Major-axis profiles of all elliptical and spheroidallgxies in our FIG. 40.— Major-axis profiles of all of our ellipticals scaledgtther to
sample scaled so that radius is in kpc. The brightness pddile corrected illustrate the dichotomy between core and coreless dlifsti Core ellipticals
for Galactic absorption. The fiducial galaxies M 32 and M &7 plotted with are scaled together eix = ry, the break radius given by the Nuker function fit
thick dashed lines. The same profiles are shown in Figuresn@536; the in Lauer et al. (2007b). Coreless ellipticals are scaledttogr at the minimum
emphasis here is on comparing the two kinds of ellipticals.irAFigures 34, radiusrmin that was used in our Sérsic fits; interior to this radius, tiudile is
37, 38,and 41, M 32 is a normal example of the lowest-lumigaslipticals. dominated by extra light above the inward extrapolatiorhefauter Sérsic fit.
9.5. The E—E Dichotomy 9.6. Profile Shape Participates in the E — E Dichotomy

lllustrated by Scaled Brightness Profiles Figure 41 shows again that Sérsic indeparticipates in the

The dichotomy between core and extra light ellipticals is E—E dichotomy. Also, E and Sph galaxies are well separated.
illustrated further in Figures 39 and 40. Figure 39 shows all

profiles in our sample scaled together so that radius is in kpc L St L AL LAAAARA) LARRAAL) EARRALLY RAALARAE R
Because core ellipticals have> 4 and extra light ellipticals 2 ® Core £ ]
haven < 4, their profiles curve apart at large radii. A larger + 10 — ® Coreless E
fraction of the light lives at large radii in core Es, gds larger 2 gL ! + m Spheroidal _}
and . is fainter than in extra light Es (Fig. 37, 38). Butat o 6 L : 7
almost all metric radii outside the coregre ellipticals have 4§ T e%?® i
higher surface brightnesses than do extra light ellipticat o 4k + 7]
the same metric radius.This is important, because-body T 2 : .‘ —
models of galaxy mergers predict that the surface briglstnes °§ 0 - wle? o0 __ g ————- o— — — — ]
in the merger remnant is higher than the surface brightness o e HL : - ‘°_jﬂ__—o— ]
either progenitor at essentially all radii (Hopkins et @08b). - .
Binary BH core scouring is the exception to this prediction, -4 —+——_
and the relatively low absolute surface brightnesses iescor HHHHHHHHHHHHHHHHHHHHHHHHHHH
with respect to extra light is clear in Figures 39 and 40. 18- ' o NGC 4261, NGC 4365
The important conclusion from Figure 39 is that surface ~ L : ® 0 NGC 3377. NGC 4434 -
brightnesses in core galaxies are high enough so that tindyeca o 20 - ! o ® M32 ’ |
products of dry mergers of extra light ellipticals (but seiel 81). s | | o 1
Figure 40 shows all of our elliptical galaxy profiles scaled g : K .ﬁn/ -

together at approximately the radius where the central aore o 22 = " - RN I
extra light gives way to the outer Sérsic profile. Because the g i :. il . \:\0\\’\\,\ T
profiles of extra light Es break upward while core profilesbre N 24 - | & ~e_ .
downward near the center, the core and extra light profiles ar <~ S 8
well separated from each other at small radii. The present % 26 |- : ]
sample shows a fortuitously clean separation between core L 4
and coreless galaxies; larger samples show a few interteedia 28 A P TSI PUTTTI FURTTTE STTTTIT L. ST
cases (Rest et al. 2001; Ravindranath et al. 2001; Lauer et al 0 2 4 6 8 10 12
2005, 2007b). We have not yet checked whether these remain Sersic n

ambiguous with the present definition of cores. Inany c&®e, t  Fig. 41.— top) Percent of the tota¥-band luminosity that is “missing”

distinction between galaxies with and without cores remain in core galaxies or “extra” in coreless galaxies comparedht inward

robust (Gebhardt et al. 1996; Lauer et al. 2007b). extrapolation of the outer Sérsic fitoditon) Effective surface brightnegse
versus Sérsic index The symbols are as in Figures 34, 37, and 38.
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Figure 41 {op) shows the amount of central extra light above
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We confirm the observational conclusion but suggest thaaii

the inward extrapolation of the outer Sérsic fit as a percent accident. Nuclei constitute a canonical fraction of sombsSp

of total galaxy luminosity. It is negative (light is “misgt)

but others contain no nuclei (Sandage et al. 1985; Binggali e

for core galaxies. The amount of extra light is calculated by 1985, 1987; C6té et al. 2006). In late-type galaxies, nuclea

integrating the two-dimensional brightness distributafrthe
galaxy non-parametrically from the center to the innertlimgi,
of the Sérsic function’s radial fit range. From this lumirigsi
we subtract the integral of the fitted Sérsic function over th
same radial range. In the latter integral, the elliptieityf the
Sérsic function is kept fixed afrmin). Error bars are estimated
by substituting plausible (usually small) extrapolatiafshe
outere(r) profile into the region of the extra light. These are
internal errors only; e. g., the effects of changing the iSéits
within the ranges allowed by their error bars are not takém in
account. As a result, the error bars in the top panel of Figlire
are not formally coupled. The error bars in the bottom paresl a
coupled; they can be correlated or anticorrelated (seerésgu
49-72in Appendix A). All points in Figure 41 have error bars,
but most are too small to be seen. Table 1 lists the plotteal dat
Note: For M 87, we used the bottom fit in Figure 50; i. e., the
one that allows for a cD halo. The top fit in Figure 50 provides
the upper error bar on the amount of missing light. That is, fo
M 87, the error bars are dominated by the choice of Sérsic fit.

absolute magnitudes correlate with total magnitudes, hiyt o
weakly (Carollo, Stiavelli, & Mack 1998; Boker et al. 2004).
Furthermore, BHs exist even in bulgeless disks (Filippefko
Ho 2003; Barth et al. 2004; Greene & Ho 2004, 2007; Peterson
et al. 2005; Greene, Barth, & Ho 2006; Shields et al. 2008;
Barth, Greene, & Ho 2008; Thornton et al. 2008; see Ho 2008
for a review), but BH masses correlate very little with tHedst
disks (Kormendy & Gebhardt 2001). Finally, some galaxies —
including ones with classical bulges — clearly contain (Ritts

and nuclei. Sometimes the BH mass is much larger than that of
the nucleus (NGC 3115: Kormendy et al. 1996b); sometimes
the BH mass is similar to that of the nucleus (M31: Light,
Danielson, & Schwarzschild 1974; Dressler & Richstone 1988
Kormendy 1988; Lauer et al. 1993; 1998; Kormendy & Bender
1999; Bender et al. 2005; NGC 4395: Filippenko & Ho 2003;
Peterson et al. 2005); and sometimes the BH mass appears to be
less than that of the nucleus (NGC 1042: Shields et al. 2008).
We believe that there is no observational reason to susp@et m

of a physical relationship between nuclei and BHs than the

Figure 41 demonstrates again that all core galaxies in Virgo generic likelihood that both are fed with gas from the disk.

(percent extra light 0) also have Sérsic indices> 4. All
of the coreless ellipticals (percent extra lightd), haven < 4
except NGC 4621. We will use this resultin § 10.3.

The bottom panel of Figure 41 shows effective brightness

against Sérsic index. Ellipticals form a well defined seaqaen
with core and extra light galaxies largely separated. NGZ146
is an exception to the E—E dichotomy: it has 4 but is disky
and has a little extra light near the center. Otherwise Mhigo
cluster sample shows the dichotomy cleanly, and profile shap
in the form of Sérsim participates in it.

Spheroidal galaxies are well separated from ellipticals in
both panels. As in Figures 34 — 39, they have smailand
lower central and effective surface brightnesses thara digtnt
ellipticals. This is consistent with their similarity in aneter
correlations to galaxy disks (Kormendy 1985b, 1987b).

9.7. Nuclei — Unrelated to Extra Light and Supermassive BHs

Nuclei in spheroidal galaxies are very different from extra
lightin elliptical galaxies. Hopkins et al. (2008b) shovatlthey
have almost orthogonal parameter correlations. Here &g
shows that nuclei contain a much smaller fraction of thel tota
galaxy light. NGC 4482 (green point at 4% in the top panel)
looks like — but is not — an exception; the Sersic fit in Fig. 25
fails at relatively large radii, and the extra light intarto this
is included in the 4%. However, the nucleus in NGC 4482 is
similar in light fraction to the nuclei of other spheroidaksl|

10. INTERPRETATION: WET VERSUS DRY MERGERS

10.1. Black Hole Scouring of Cuspy Cores in Giant Ellipticals

Figure 41 shows that a typical core E is missing 1% of its
starlight near the center with respect to the inward exiegdjom
of a Sérsic function fitted to the outer profile. Implicit ingh
statement is the hypothesis that these ellipticals would had
Sérsic profiles if not for the process that excavates corgis.iJ
consistent with Figure 39, which shows how representatiye d
merger progenitor profiles would “fill” core profies, and with
the canonical explanation of how cores form:

Understanding cores is nontrivial. Observed core paramete
relations show that, in higher-luminosity ellipticalsgtbhreak
in the profile that defines the core occurs at larger radius
and fainter surface brightneks(see Faber et al. 1997 f&iST
core parameter correlations and Kormendy 1984, 1985b,d,987
b; Lauer 1985a, b for the analogous ground-based results).
Mergers generally preserve the highest-density parts af th
progenitors. Therefore, when ellipticals or bulges thaisga
the core parameters correlations merge, this tends toogebe
correlations (Kormendy 1993; Faber et al. 1997). Fluffyesor
in high-luminosity ellipticals are not a natural consequenf
hierarchical clustering and galaxy merging.

A possible solution to this problem is the suggestion that
cores form via the orbital decay of binary supermassivekblac

of our Sph galaxies are nucleated, and the nuclei all containholes (Begelman et al. 1980; Ebisuzaki et al. 1991; Makino

similar fractions of the galaxies’ light. The mean lightdtian
of our Sph nuclei is 83+ 0.06 %. The analogous fraction for
extra light Es is much larger and has a much larger range.

& Ebisuzaki 1996; Quinlan 1996; Quinlan & Hernquist 1997,
Faber et al. 1997; Milosavlje®i& Merritt 2001; MilosavljevE
et al. 2002; Makino & Funato 2004; Merritt 2006; Merritt,

Several authors note that nuclei make up roughly the sameMikkola, & Szell 2007). BH binaries form naturally in the
fraction of spheroidal galaxy stellar masses as superwgssi galaxy mergers that are believed to make ellipticals. Their
BHs do of their host bulges~(0.13%: Merritt & Ferrarese  orbits decay — the binaries get harder — by flinging stars away
2001; Kormendy & Gebhardt 2001). These authors plot BH These stars are deposited into a large volume at large madii o
and nuclear mass against galaxy absolute magnitude and findire ejected from the galaxy; either way, they have littleefbn
a single, continuous correlation (C6té et al. 2006; Wehner & the outer profile. As stars are removed from the small volume
Harris 2006; Ferrarese et al. 2006b; Graham & Driver 2006). near the BHs, the central surface brightness decreasekisin t
They suggest that nuclei and BHs are related —a galaxy eentai  way, the decaying binary excavates a core. The effect of a
either a nucleus or a BH, and perhaps nuclei evolve into BHs. series of mergers is cumulative; if the central mass defigt a
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one merger is a multiplé of the BH massMl,, then the mass 10
deficit afterN dissipationless mergers shouldMgss ~ N f M, . O NGC 4261, NGC 4365 -
If this picture is correct and if can be predicted from theory O NGC 3377: NGC 4434 T
or simulations, then a measure of the observed mass deflgitte ° 100 = @ M32 e

us roughly how many dissipationless mergers made the galaxy ~—

One problem is thaf is not well known. Milosavljevi & @
Merritt (2001) estimate thaf ~ 1 to 2. Milosavljevt et al. g 109
(2002) getNf ~ 5 for formation in a hierarchy of mergers. £
Until recently, the most accuratebody simulations was thatof o L
Merritt (2006), who concluded thdt~ 0.5. Past observations o 10t

of mass deficits depended on the functional form used to
extrapolate the outer profile inward to the center; theyangslr

for Nuker function extrapolations (Milosavljg@vi& Merritt +107
2001; Milosavljeve et al. 2002; Ravindranath et al. 2002) and

smaller for Sérsic function extrapolations. As it becameacl —~

that Sérsic extrapolations are both well supported by tha da =>—108
and intrinsically conservative (see Figure 1 in Graham 2004 ~—

observations converged on valueshdf = Mger/M, between A

1 and 2; most commoniWget/M, ~ 2, and values as large & —10°

as 4.5 are rare (Graham 2004; Ferrarese et al. 2006a; Merritt. C e

2006). The conclusion was that these are consistent wigxgal A E - - Mass Excess = 50Mg " —
formation by several successive dry mergers. 2-10' = Mass Excess = 10 Mq ﬂt*\

With more accurate profiles, we can better measure mass [ -~ Mass Excess = 5 Mg ' AN
deficits. However, only giant ellipticals have deficits; $ma E M‘IJSS Excessl = Mo | A
ellipticals have mass excesses. So Figure 42 separatalyssho  —10"" = ol mmmmettd e e ""1'10
central stellar mass deficitéogver pane) and mass excesses
(upper panél againstM,. Lines are drawn atlger/Me = 1, 5, M'_ “(MO)_ o
10, and 50. Large symbols denote galaxies with dynamical BH FIG. 42.— Total stellar mass that is “missing” (in coréswer pane) or

. . L. “extra” (in coreless galaxiesjpper panél as a function of black hole mass.
detections; for these, the BH mass and stellar mass-torhgjb Large and small symbols denote galaxies with and withoutathjcal BH

are taken from the BH discovery paper. Small symbols denotedetections, respectively. NGC 4486B has the smallest exicethe upper
galaxies without dynamical BH detections. THdg is derived panel becaushl, is unusually large (Kormendy et al. 1997).

from the correlation betweel, ando (Ferrarese & Merritt
2000; Gebhardt et al. 2000) as fitted by Tremaine et al. (2002) la
The estimated error in Idd, is 0.3. In constructing Figure 42,
we converted light excesses (Table 1) to mass excesses usin
mass-to-light ratiod /Ly oc L°3 fitted to the SAURON sample

of Cappellari et al. (2006) including M32. The zeropoint is
M/Ly =6.07 atMy =-21.6, i. e., the divide in Table 1 between
core and extra light ellipticals. Our error estimate inMbgy

The mass deficitd/lye that we derive for core galaxies are
rger than published values, partly becauseMyty values
re larger and partly as a result of more accurate photometry
hey are also remarkably uniform, and — although the sample
is small — they show no offset between galaxies with and
without dynamical BH detections. In Figure 42, the unweédght
mean<logMget/Me> = 1.04+ 0.07. The weighted mean is
is 0.153, the RMS scatter of the above fit. This is consistent <l0gMaer/M, > = 1.070.08. That isMger/M, = 11 with an
with the results of Cappellari et al. (2006), who worHl ibhand error in the mean of about 18 %. The smallest value 574
' ' : for NGC 4649, and the largest value is*#Bfor NGC 4261.

We adopt the Cappellari et al. (2008)/L ratios because . . .
they are based on the most accurate, three-integral modeIsThese values are very large in comparison to the Merritt¢200

applied to the most detailed, two-dimensional SAURON data. pr(_ni_dlcnon thaMdefl/Mﬁ 1; 0.5 perlmajor rﬂelzrger. Hh;)wevler: _
Also, the resulting /L ratios correlate well with values based wo recent results help to explain suc akggs/M. values:

' \ . First, with a more accurate treatment of the late stages of
on stellar population models, although there is an offsat th binary BH mergers. Merritt, Mikkola, & Szell (2007) find
may imply a dark matter contribution or a problem with the ! ' '
stellar initial mass function used in the population mode&tse that Mqer/M. Can be as large as 4 per merger. Then our

- " ; results are reasonably consistent with estimates (Fal@s;20
choice ofM/Ly critically affects the derived mass excesses, so . > LG
independer<t \éhecks a);e welcome. Many are available. The van Dokkum 2005; Bell et al. 2006) that several dissipatesl

y H “ ”
include additionaM/L values based on three-integral models mergers produced the bright end of the “red sequence” part of

) : the color bimodality of galaxies observed by the Sloan Rigit
(Gebhardt et al. 2003, 2007; Thomas et al. 2007), two-ialegr . )
models of galaxies observed to very large radii (Kronawitte Sky Survey (Strateva et al. 2001; Hogg et al. 2002, 2004;

: Kauffmann et al. 2003a, b; Blanton et al. 2003, 2005; Baldry
et al. 2000; Gerhard et al. 2001), and two-integral models of g K '
large galaxy samples (e.g., van der Marel 1991). All authors et al. 2004) and by the COMBO-17 survey (Bell et al. 2004).

. X If present-day galaxies provide any guide to the propedfes
generally agree well with the ste&p/Ly — My correlation that . = .
we derive from the Cappellari data. Significant caveats stil merger progenitors (and they may not — see $11.1), then it

need exploration. For example, dynamit&fLy, values may fe\irsaelnst:f::”cyegiﬂ/lgrgrd tr?]gtr ggsxgg r?tsetﬁ:gt%sélgﬂ:ré forl med in
include a dark matter contribution that dependsvbn Also, y gers. P S

triaxiality is not included in the dynamical models and may plausible immediate progenitors are cold-gas-poor g !

depend oMy. But the mass-to-light ratios that we use in what Second, an additional process has been proposed to make

. large-Mqer/M, cores (Merritt et al. 2004; Boylan-Kolchin, Ma,
Iﬁgol\ilgesrgtrfrttahe most robust ones that are currently avalabl & Quataert 2004; Gualandris & Merritt 2008). Coalescing
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binary BHs emit gravitational radiation anisotropicallyxey
recoil at velocities comparable to galaxy escape velaitlé

they do not escape, they decay back to the center by dynamical

friction. In the process, they throw away additional stars.
Gualandris & Merritt (2008) estimate that they can excaeate
much asMger/M, ~ 5in addition to the mass that was already
scoured by the pre-coalescence binaiyy conclusions to be

reached from Figure 42 necessarily depend on our choice of

Sérsic functions as our models for unscoured merger reranant
But it appears that our observations present no problenhéor t
idea that cores in giant ellipticals are made by a combinaifo
the above two BH scouring mechanisms acting over the cours
of one or more successive dry mergers.

10.2. Extra Light in Low-Luminosity Ellipticals: Implications
for Black Hole Scouring and AGN Energy Feedback

Figure 42 (pper panél shows, for coreless galaxies, the
central stellar mass excess above the inward extrapolafion
the outer Sérsic profile. Five galaxidarge symbols have
dynamical BH detections, M 32, NGC 3377, NGC 4459, NGC
4486A (Nowak et al. 2007), and NGC 4486B (see Kormendy
2004 for additional references). BHs and extra light are
not mutually exclusive. In fact, if essentially all bulgesda
ellipticals contain BHs (Magorrian et al. 1998), then thbest
extra light ellipticals are likely to contain BHs, too. Thaye
included in Fig. 42 with BH masses from tiv, — o relation.
The median of loylger/M, is 1.120 (quartiles 0.955, 1.608);
i.e., medianMget/M, = 13 (quartiles 9, 41). The mean is
<logMget/Me¢> = 1.1594 0.150 0r<Mget/M¢> = 14'5.

What are the implications of the extra light for our picture
of core formation by binary BH scouring? We emphasize:
Extra light ellipticals satisfy the M — o correlation as well
as do core ellipticals. We believe that they formed in mexger
These mergers cannot all have involved at least one puie-dis
black-hole-less galaxy. Why, then, do coreless elliptiteve
extra light, not missing light, in their centers? Why did €or
scouring by binary black holes failAMe suggest an answer
based in part on the observations in 88 9.3 and 9.4 that pmint t
dissipational formation of coreless elliptica/e suggest that
core scouring is swamped by the starburst that results fioen t
rapid infall of gas that occurs in a wet mergée. g., Mihos &

€
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10.3. Dissipative Merger Formation of Extra Light in
Low-Luminosity Ellipticals

This brings us back to the explanation of the extra light
in coreless ellipticals. As reviewed in §4.2, Kormendy
(1999) found the extra light component in three ellipticals
that span the luminosity range over which this paper shows
it to occur. In M32 and NGC 3377, the extra light was
well resolved byHST photometry. The brightness profiles
of all three galaxies closely resemble the density profiles o
ellipticals produced in simulations of gas-rich mergershd4

& Hernquist 1994: Fig. 4 here). The gas sinks rapidly to the
center during the merger; the resulting starburst prodaces
“extra” component of young stars that are clearly distimotrf

the Sérsic profiler(< 4) of the mostly dissipationless part of the
merger remnant. Mihos & Hernquist (1994) were concerned
that such two-component density profiles were not congisten
with the observations. After further simulations confirmed
these results, Mihos & Hernquist (1996, see p. 660) remarked
“Perhaps more worrisome are the stellar residuals of thieauc
starbursts. ... The light profile of the starburst populatioes
not join ‘seamlessly’ onto that of the old stars in the rentnan
but is instead manifest as a luminosity ‘spike’, in apparent
disagreement with the core properties of massive ellifgtica
(see, e.g., Lauer et al. 1995). What is the significance ef thi
result for the merger hypothesis?” Kormendy (1999) pointed
out that the results of the gas-rich-merger simulationk jast

like the two-component profiles observed in the above gefaxi
and suggested that the inner component was produced, as in th
Mihos & Hernquist paper, in the merger starburst.

Note that this explanation does not require the extra light t
be young. If the merger happened long ago, the age difference
between the main body and the extra light would be hard to
detect. Worthey (2004) observed a stellar population gradi
in M32 (age 4 to 6 Gyr at <5” and 8 to 10 Gyr at larger
radii), although he saw no discontinuity at the radius of the
break between the extra light and main body of the galaxy.
This is consistent with the present formation picture. Hasve
it would be reasonable to expect that, in a large sample, at
least some central components should have younger stellar
populations than the rest of the galaxy. This is observedéta
et al. 2005; Kuntschner et al. 2006; McDermid et al. 2006).

Hernquist 1994). The mass excesses in coreless Es tend to be In our sample, we find extra light in all coreless galaxies.
somewhat larger than the mass deficits in core Es, when bothLike Kormendy (1999),we suggest that the extra light in
are expressed as multiples of the BH mass. Our measurement®w-luminosity elliptical galaxies generally formed as time

of mass excesses may be slight underestimates (§10.3). Thidihos & Hernquist (1994) models; that is, in the starbursttth
suggests that it is relatively easy for new stars to swamp anyaccompanies the merger that made the elliptidslternatives
core scouring that may have occurred. We pursue the possibleexist and almost certainly happened in some galaxies. A few

starburst formation of the extra light in the next subsettio

First we note an implication for energy feedback from active
galactic nuclei (AGNs). A popular hypothesis to explain why
giant ellipticals stopped making stars afterl Gyr (Bender
1996, 1997; Thomas et al. 1998, 1999, 2005) is that AGN
feedback quenched star formation (Springel, Di Matteo, &

extra light components in large ellipticals could be themants
of the compact and dense centers of dissipationlessly taccre
small ellipticals (Kormendy 1984; Balcells & Quinn 1990),
provided that they were too massive to be lifted by BH birarie
However, the frequent observation that the extra light skyli
and rapidly rotating argues that it usually forms dissigeyi

Hernquist 2005; Scannapieco, Silk, & Bouwens 2005; Bower et (Scorza & Bender 1995; §89.3 and 9.4 here). So the more

al. 2006; De Lucia et al. 2006). We suggestin §12.3 that AGN
feedback is fundamental to the creation of the E — E dichotomy

likely alternative is that a few extra light components fexn
via accretions of gas-rich dwarfs (§ 11.2).

Here we note that such feedback can easily quench the star More recent simulations of gas-rich mergers also produce an
formation that — we suggest (§ 10.3) — makes the extra light extra component near the center as a result of merger-idduce

in coreless galaxies. This implies that the importance oNAG

energy feedback is a strong function of galaxy and BH mass.

It may have regulated the formation of giant ellipticalst hu
cannot have quenched all star formation in coreless aléfsti
if our interpretation of the extra light is correct.

starbursts (e. g., Springel 2000). We illustrate two of ¢hes
Springel & Hernquist (2005) ran a merger simulation in

which the progenitors were dark matter halos containing gas

disks but no stars. They included star formation according t
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a Schmidt (1959) — Kennicutt (1998a, b) law, energy feedback Cox et al. (2005) simulated dissipative mergers with a
from supernovae, and thermal evaporation of cold gas clouds more detailed treatment of radiative cooling, star fororati
The density distribution of the merger remnant is shown in consistent with a Schmidt-Kennicutt law, and energy feedlba
Figure 43. Stars that form in an early close passage laterfrom massive stars and supernovae. The progenitor galaxies
relax violently in the merger and produce an almdst-law, were realistic approximations to Sbc galaxies, both stinadiy
elliptical-galaxy-like component; they call this the “spbid” and in terms of gas content. Moreover, the progenitor disks
and we label it “bulge= E” in Figure 43. Inspection of their  were constructed to have reasonable Toomre (1964) syabilit
Figure 3 shows that this component is, except near the ¢enterparameter®) and realistic star formation rates; this required
a Sérsic function witm < 4. During the merger, much of careful tuning of the prescriptions for star formation andrgy

the remaining gas falls to the center, and a starburst pesduc feedback. A range of parameters that bracket realistic Sbcs
a more compact ellipsoid that Springel & Hernquist call the was explored to investigate the robustness of the conclasio
“bulge” and that we label “extra light” in Figure 43. Gas that Star formation rates were very sensitive to the details of
survives the merger settles into a new disk that forms starsenergy feedback. However, the density profiles of the remnan
slowly; this disk has an exponential stellar density disttion ellipticals proved to be relatively insensitive to the eqer
and is labeled “disk” in Figure 43. Because the progenitor feedback and gas physics (e.g., equation of state). They
galaxies contained no stellar disks that could be heated andconfirm that star formation in gas that is dumped close to the
destroyed in the merger, the final extra light : bulge : steliak center by the merger builds a distinct central component in
mass ratios, 0.55:0.22:0.23, are much different than they a density that is brighter than the inward extrapolation o th

in real galaxies. Nevertheless, the merger remnant has thedensity profile of the main body of the remnant. How much
qualitative character that we see in our data. The non-diskof the extra component was built by star formation and how
part of the remnant consists of an elliptical-galaxy-liketghat much was the remnant of the progenitor bulges depends on the
satisfies am < 4 Sérsic function plus extra light at the center energy feedback; less efficient feedback results in more sta
that gives the sum a two-component look. Enough gas survivesformation near the center. If there is too much feedback, the
the merger to make a new disk. We observe SO galaxies thatextra component cannot form.

have such disks, a bulge that satisfies a Sérsic function, and Since the submission of this paper, the most comprehensive

sometimes extra light (Fig. 30— 32).
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FiG. 43.— Surface density distribution of the remnant of a gels-merger
adapted from Fig. 3 of Springel & Hernquist 2005, astro-ghAB79 version;
the vertical dotted line is the resolution of the simulatiohhe progenitors
contained no stars, only gas disks embedded in dark halass it formed
in the first, pre-merger encounter later relaxed violentljoithe density
distribution labeled “bulge~ E”; it is a Sérsic function witm < 4. During
the merger, two-thirds of the remaining gas falls to the eentndergoes
a starburst, and makes the density distribution labeledréelight”. The
remaining gas settles into a new star-forming disk whoskstiensity profile
is labeled “disk”. Note that the ellipsoidal part of the galathat is, the sum
of the bulge and extra light, has a two-component densitfileriée those in
Figures 16 — 24 but with more extra light than is seen in thenlagions.

simulations of dissipative mergers are a series of papers by
Hopkins et al. (2008a, b, c, d, e) that are motivated directly
by the present results and by similar observations of meiiger
progress by Rothberg & Joseph (2004, 2006). They construct
libraries of gas-rich merger simulations in which merger-
induced starbursts make extra light components. They match
these up with galaxy observations — including ours — and
they explore both wet and dry mergers in great detail. They
make substantial progress beyond this paper. A review of
this progress is beyond the scope of the present paper. But
it is important to connect up their results and ours, esfigcia
because they are based in part on the same observational data

Figure 44 shows two examples of model results from
Hopkins et al. (2008b). Thop panelshow decompositions of
our profiles into two Sérsic functions; the purpose is taeate
the fractionfeya Of the luminosity that is in the extra light. The
bottom panelsnatch the observed profiles with the best fitting
results from their simulation library. Unlike the interpaons
of the extra light in the top panels and in the present paper,
the simulations have known fractiorfg, in their starbursts.
The extrapolation of the starburst component into the regio
dominated by the main body of the galaxy is not necessarily
matched by the machinery in the top panel, but on the whole,
the decompositions and the models give similar resultster t
starbursts. That is, the behavior of the models fitted to #ie d
in Figure 44 are entirely consistent with the formation piet
discussed in the present paper. Since all details of the Imode
are known, Hopkins et al. (2008a—e) can explore how models
look from different viewing geometries and demonstrate tha
the results are consistent with observations of boxy anklydis
isophote distortions.

It is instructive to compare the extra light fractions dedv
by Hopkins et al. (2008b) with our estimates. For 10 of the
18 extra light galaxies in common, the agreement is very good
individual ratios offexa divided by our values range from 0.65
to 1.27 and averaged0-+ 0.08. For six more, the ratio ranges
from 1.7 to 4.2 and averages38+ 0.40. For the other two, the
ratio is 18 for NGC 4434 and 12 for NGC 4486.
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FiG. 44.— Stellar density profiles of the remnants of dissigasitarburst mergers from Hopkins et al. (2008b). fdpepanelsshow brightness profiles from the
present paperpen circley decomposed into two Sérsic functions; the Sérsic indgaf the main body, the fractional contributidigxira Of the central extra light,

and the RMS deviations of the fit (mag arc¥daare given in the key. The corresponding values from ouryasisbren = 2.5'.{8‘%, fextra= 0.068+ 0.004, and

RMS = 0.0295 mag arcsecfor our fit to the main body of NGC 4458 ant= 3.9, fexira= 0.09, and RMS = 0.048 mag arcsédor our decomposition of NGC
4473 (Figure 59). Thbottom panelshow, in different colors, density profiles from the thrdmdry simulations that best fit the galaxy profilepén circle$. Also,
the blue dashed linshows the starburst extra light component formed in thelmesthing simulation. The range of main-body Sérsic imslfce various viewing
geometries is given in the key, together with the percentroastributionfsy of the starburst in these three simulations and the RMS tiengaof the fits.

These results are expected. On the whole, the decompositiorthe above paper show that the decompositions are reasonable
procedure in Hopkins et al. (2008b) is reason@blas they interpretations of the data. The most questionable casgs (e
demonstrate by comparing to model results. The decompositi NGC 4434 and NGC 4486A) are ones where the wiggles in the
is particularly robust for galaxies like those in Figure 4étt extra light profile formally cause the decomposition praged
have bright and well resolved extra light and hence good to fit very shallow extra light components. These few objects
“leverage” on both components. A decomposition tends te giv have little influence on the conclusions.
larger fractions of extra light than our estimation proaedu So the conclusions from dissipative merger simulations
This is expected, because we made no decomposition; insteadare robust. Some details of remnant structure depend on
we fitted the main body of each galaxy and added up the centralgas physics and energy feedback. But the simulations very
light above this fit to estimate the extra component. Thioatm  generally predict an extra component near the center that is
certainly underestimates the starburst component sjigiih produced by the merger starburst. Authors of the early gaper
the other hand, we did not make decompositions (except forthat showed this worried about whether these extra comgsnen
NGC 4473 in Figure 59), because nothing in the residual are realistic or a problem, because they had not been oloserve
profiles in Figures 16 —24 and 57 —-67 demands them. Indeed,n the published brightness profiles of most ellipticals.
our one-component Sérsic fits often have smaller residoais t Our results appear to settle this issue, at least for elijsi
the two-component decompositions in Hopkins et al. (2008b) in the Virgo cluster. Extra light is almost ubiquitous in etess
Nevertheless, both the above comparisons and the testsrdone ellipticals. Cores are believed to be scoured by binary BHs.

11we cannot similarly confirm the decompositions of core gafsin Hopkins et al. (2008c). As stated in that paper, itug in principle that “all core galaxies
are extra light galaxies, too” in the sense that their mepgegenitors may have included extra light ellipticals.hé textra light is not scoured away by binary BHs,
it survives and contributes to the steep central brightpesfiles of giant Es that, together with their shallow halgiges them their large Sérsic indices. But looked
at quantitatively, it is not clear how much extra light sues. Most Sérsic fits to core Es have small residuals whosigsra Figures 11 —15 and 49 —56 show no
significant upward wiggles just outside the core that argssiive of extra light. NGC 4636 residuls allow a two-comgatnstructure, but the culprit is more likely
to be an outer disk (illustrative decomposition in Fig. 55he giant elliptical whose residual profile most allows batbore and extra light is NGC 4472 (Fig. 49,
bottorm). However, this figure also shows brightness profiles of ihatd extra light progenitors, NGC 4459 (which is one of thightest) and NGC 4458 (which is
typical in luminosity but which has an unusually large anmtafrextra light). In both galaxies, the extra light lives atlii that are inside the core of NGC 4472. Also,
the amount of light that is missing in the core of NGC 4472 haalasolute magnitude ®fly ger = —17.5. The amount of extra light in NGC 4459 and NGC 4458 is
My, extra= —17.5 and-16.0, respectively. If present-day, extra light ellipticatsMirgo are the dry merger progenitors of giant core Es, therstars in the extra light
components are preferentially scoured away during coradton. Also, these galaxies may not be typical merger prioges (§ 11.1). Finally, the Hopkins et al.
(2008c) decompositions of core galaxies into extra ligmhponents and main bodies have larger residuals than therpraagle-Sérsic fits. These decompositions
are an interpretation that is worth investigation withinelharticulated formation picture. But they are not reqdit® the present profile data.
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The suggestion is that the last major merger that made core A comparison of our results with simulations of galaxy

ellipticals was dry, whereas the last major merger that made
coreless ellipticals was wet and included a substantiaraken
starburst.

10.4. Sérsic Index as a Galaxy Formation Diagnostic

One of the clearest conclusions of this paper is that galaxy
profile shape as parametrized by the Sérsic index partaspat
in the E—E dichotomy. This changes our view of the well
known correlation thain increases with galaxy luminosity.
Figure 33 shows thatdoes correlate witMy 7 in Sph galaxies.
But elliptical galaxies do not show a continuous correlatio
Instead, our observations show two clumps of points: core Es
haven > 4 but no correlation oh with My, and extra light
galaxies haven ~ 3+ 1 but little correlation between and
MyT. NGC 4621 is the exception; it behaves like a core galaxy
that (e.g.) has had its core filled by a late accretion.

Signs of this behavior have been evident from the beginning.
The Sérsic indices in Caon et al. (1993) are, on the wholg, ver
accurate (see Figure 74 in Appendix A3), and they alreadysho
two clumps of points im —r, plots. Also, Caon et al. (1993)
note that “boxy galaxies have largerthan disky galaxies”.
D’Onofrio et al. (1994) presciently comment that “it is haod
understand whether there is a global trendrdfWfith [log re]
or whether instead there are two distant clusters of points
... corresponding to the two galaxy families, and not présgn
any correlation betweem] and [logrg] within itself, but the
relative positions of which mimic the global trend.” Their
galaxy families are closely related to our E—E dichotomy. In
the same vein, Graham et al. (1996) see no correlatiom of
with luminosity for brightest cluster galaxies (their Fi§),
although they see am—r, correlation (their Fig. 11) that may
be the product of parameter coupling (their Fig. 3). In truth
the main reason why people have come to believe in-akly
correlation appears to be that they included Sphs — which hav
nothing to do with ellipticals — and that the— My dichotomy
was sometimes blurred by measurement errors.

What do we learn from our Sérsic index results?

A hint can be seen in the earliest simulations constructed to
investigate the kinds of mergers that make realistic @dighs.
van Albada (1982) is remembered (Binney & Tremaine 1987)
for having shown that larger amounts of dynamical violence —
that is, larger collapse factors and lumpier initial coiuis —
produce ellipticals with more nearty/*-law profiles. A closer
look at his figures shows that van Albada’s merger remnants
are more consistent with Sérsic functions than witf laws.
They depart fromr'/* laws such thah < 4 for gentle collapses
or mergers, whereas > 4 for violent collapses or mergers.
This is not surprising, because large collapse factorsgpwee
stars total energies that are nearly zero. That is, they fling
stars into extended halos with> 4. The hint is that giant,
core ellipticals, which have > 4, formed with more dynamical
violence than small, coreless ellipticals, which have4. Tiny
ellipticals have Sérsic indicas~ 2 that are not much higher
thann ~ 1 in exponential disks. Little splashing of stars to
large radii is required to make these profiles, althoughelarg
amounts of dissipation are needed to turn low-density disks
into high-density ellipticals (Carlberg 1986; Kormendy899
Nipoti, Londrillo, & Ciotti 2003; Hopkins et al. 2008a, b, €).

mergers and their remnants shows good agreement with the
above picture. The simulated merger remnants in Figure é hav
Sérsic function profiles witm < 4. Examination of Figure 3
in Springel & Hernquist (2005) shows that the old stars in the
remnant ("bulgex~ E” in Figure 43 here) have a Sérsic profile
with n < 4. This is not obvious in Figure 43 because the radius
scale is logarithmic. Extensive simulations of binary nezsgy
by Naab & Trujillo (2006) also tend to produce~ 3 to 4.
The remnants in Figure 44 hawe~ 3. Hopkins et al. (2008b)
emphasize that “the outer shape of the light profile in siteda
and observed systems (when fit to properly account for the
central light) does not depend on mass, with a mean outer
Sérsic index~ 2.5.” We emphasize the same point; excluding
NGC 4621, our extra light Es have an unweighted mean Sérsic
index of 2514+ 0.17 and little dependence dviyt. So there
is excellent consistency between observations of exttat lig
galaxies and simulations in which these galaxies were made i
a single merger of plausible, gas-rich progenitor galaxi¥e
conclude that the structure of extra light galaxies was teda
by only a few major mergers.

In contrast, core Es have much largewalues that likely
are produced by many successive mergers, lots of merger
violence, and — plausibly — later heating and minor galaxy
accretion. Simulations of binary dry mergers show only a
little redistributioon of energy outward, i.e., a small iease
in n (Hopkins et al. 2008c). However, repeated minor mergers
causen to evolve toward larger values (Bournaud, Jog, &
Combes 2007). The dynamical violence inherentin hieraeghi
clustering naturally heats the outer halos of giant gataxda
extreme version of this process is the blending of the owtgsp
of certain giant ellipticals into their cD halos of clustegtutis
(Gallagher & Ostriker 1972; Richstone 1976; Dressler 1979;
Kelson et al. 2002). Nevertheless, further study of exagtgt
combination of physical processes gives core elliptichésrt
large Sérsic indices would be worth while.

11. COMPLICATIONS

This section highlights complications in our results. They
not threaten our conclusions, but they deserve further work
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11.1. Today’s Extra Light Ellipticals Are Not The
Merger Progenitors Of Most Core Ellipticals

Some small core ellipticals may be dry merger remnants of
today’s extra light ellipticals. But these cannot be the geer
progenitors of most core Es. Figures 45 and 46 show why.

‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘
- Core Elliptical R
L Power Law Elliptical i
0.4 - o 4
i s 1
L ¢+ “ i
_ L §o.00% *W ]
€ o2t 244 -
5 L Sk |

=

[ tield |
0.0 — —
- + -

702 l | I l | l | I l | — l | l
1.6 1.8 2.0 2.2 2.4 2.6

log o

FiG. 45.— Alpha element overabundance in log solar units versicity
dispersion in km g (data from Thomas et al. 2005). Red and blue points
denote core and power law ellipticals classified here or uekat al. (2007b).
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FiG. 46.— Alpha element overabundance versus the relativefabe stellar
population for the sample in Figure 45 (data from Thomas.&G05).

Figure 45 shows the well known correlation between
alpha element overabundance and galaxy velocity dispersio
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substantial scatter, so the above result is not guaraniteéatt,
Figure 45 demonstrates that [Mg/Fe] enhancement partespa
in the E — E dichotomy. This is an important new result.

It has implications for the merger formation of ellipticals
Alpha element overabundances tell us the timescales orhwhic
the stars formed. Alpha elements like Mg are produced soon
after starbursts when massive stars die as supernovaeefTyp
They get diluted by Fe produced by Type | supernovae starting
< 1 Gyr later. After that, §/Fe] can never be very enhanced
again. So, larged/Fe] favors short star formation timescales
(Worthey, Faber, & Gonzalez 1992; Terndrup 1993; Matteucci
1994; Bender & Paquet 1995; Thomas et al. 1999, 2002, 2005).

Therefore Figure 45 implies that the stars in core Es formed
over shorter times than did the stars in power law Es. Neither
the observed [Mg/Fe] values nor the inferred star formation
timescales can be altered by dry mergers. If the formation of
core Es included any star formation, this is likely to deseea
[Mg/Fe] further. So Figure 45 is consistent with the hypaike
that some small core Es are dry merger products of the biggest
power law ellipticals. But today’s power law Es cannot be the
progenitors of most — and especially not the biggest — core Es

Similarly, n-body simulations of dry binary mergers robustly
predict thats in the remnant is similar te in the progenitors
(see Hopkins et al. 2008c, who also review previous results)
Core galaxies generally have largethan power law galaxies.
Either their progenitors were not like present-day power la
galaxies or the mergers were not like those that were modeled

Finally, Fig. 46 shows [Mg/Fe] versus relative age. Core and
power law ellipticals overlap only slightly. Stellar poptibn
ages are part of the E — E dichotomy (Nipoti & Binney 2007).

Again, the progenitors of most core ellipticals must have
been different from today’s power law ellipticals. The éatare
mostly younger than the former. Dry mergers cannot age.stars

These results threaten neither the merger picture nor our
conclusion that core and extra light Es were made, respygtiv
in dry and wet mergers. However, they do provide clues about
the details of the formation processes. Physics that isimgiss
from our present picture but that almost certainly affedtes
formation of core ellipticals includes:

(1) The merger progenitors that made core ellipticals may
have been different from all galaxies seen today (e.g., Maab
Ostriker 2008; Buitrago et al. 2008; van der Wel et al. 2008).
They could have included an earlier generation of power law
ellipticals, provided that essentially all of them weredisg.

(2) Quasar-mode AGN feedback (e. g., Cattaneo et al. 2008b)
is ignored but is believed to have whittled the high-mass end
of the galaxy mass function down from the shallow slope
predicted from the cold dark matter fluctuation spectruniio t
much steeper form observed (Binney 2004). If it could do, this
it is easy to believe that it could affect the internal stauetof
galaxies.

(3) We consider only mergers of two galaxies with each
other. In the early Universe, many galaxies may have merged
simultaneously. This affects the structure of the remnadt a

Galaxies that have cores are shown in red, while galaxigs tha can change the prediction thais unchanged by a dry merger.

have coreless central profiles (“power law” in Lauer et a0 20

or “extra light” here) are shown in blue. We know that cores
predominate in giant Es whereas extra light is the rule in
low-luminosity Es. We also know that luminosity correlates
with velocity dispersion (Faber & Jackson 1976). So it is not
surprising that core and power law galaxies occupy differen
slightly overlapping parts of the [Mg/Fe] & correlation.
However, this correlation and the Faber-Jackson relatawe h

These comments should not be interpreted as criticisms of
published formation models. Galaxy formation is compkchat
and not fully constrained by observations. Modeling it is a
step-by-step process. Impressive progress has been made by
including gas dissipation, star formation, and energy lieed,
most recently by Hopkins et al. (2008a, b, ¢). We hope that the
observational constraints discussed here will provideitirfipr
the next generation of formation models.



52

11.2. Do Minor Mergers Build Extra Light Components?

We suggest that extra light was made in starbursts triggered
The connection between extra light

by major mergers.
in Sérsic-function ellipticals and simulations of disgipa

mergers is one of the main results of this paper. However, an

alternative possibility is that extra light was built outgss that

trickled in during minor mergers. These must happen (e.qg.
NGC 4473; §9.2). In some ellipticals, dust has settled into

well defined, major-axis disks at small radii, where dynaahic
clocks run quickly, but remains irregular at large radii,am
clocks run slowly and galaxies remember accretion geogsetri
for along time. An example is NGC 315 (Kormendy & Stauffer
1987; Verdoes Kleijn et al. 1999; Capetti et al. 2000).

However, there are signs that minor accretions did not build

the extra light in most ellipticals. Often it is as old as tlestr
of the galaxy (Kuntschner et al. 2006; §9.4 here). AlSbe
extra light participates in a dichotomy of physical propest
that mostly involves global structur&lobal rotation, isophote

shape, and flattening (E3 for coreless Es but E1.5 for core Es

Tremblay & Merritt 1996) are not likely to be affected by mino
accretions. We expect that minor accretions occasionfiigta
central structure. But the above arguments suggest thaatke
not the main source of the extra light.

11.3. Uncertainties in Profile Results

Kormendy et al.

12. ELLIPTICAL GALAXY FORMATION
12.1. Summary: New Features of the E — E Dichotomy

We have measured and assembled composite surface
photometry from as many sources as possible for all 24 known
elliptical galaxies in the Virgo cluster plus three backgrd
ellipticals. Because their classifications were uncletvastart

' of the program, we also included 5 galaxies that proved to be

SO0s and 10 galaxies that proved to be spheroidals. Composite
photometry over large dynamic ranges provides improved
control of systematic problems such as sky subtractiorrerro
We can derive more accurate profile parameters and use them
to investigate galaxy formation. Our conclusions are ds¥ol
Sérsic functions fit the brightness profiles of the main bedie
of 25 of our 27 ellipticals to within~ 0.04 mag arcseé over
a mean surface brightness range of80.4 mag arcse@. In
5 of the largest-dynamic-range galaxies, the fit range i3 20.
11.5 mag arcseg, i. e., factors of 13,000 to 40,000 in surface
brightness. As aresult, we can reliably identify depasddirem

'Sérsic functions that are diagnostic of formation procgesse

The distinction between cuspy core ellipticals and gakxie
without cores is well known and clearly evident in our data.
We base the distinction on inner departures from outer &érsi
profiles rather than on the slope of the projected brightness
profile at small radii as in Nuker papers (Lauer et al. 1995,
2005, 2007b), but both kinds of analysis machinery usually

Sérsic indices are affected by a number of factors that are no identify the same galaxies as having cores.

taken into account in the fitting errors listed in Table 1.
First, Figures 11 — 32 illustrate major-axis profiles, anel th
Sérsic indices in Table 1 also apply to major-axis profileg W

Our results reveal new aspects of the dichotomy (§2.2) into
two kinds of elliptical galaxies: (1) Giant-boxy-core gliicals
have stellar populations that mostly are old and enhanced in

made this choice because we wanted as much radial leverage: €lements. Their main bodies have Sérsic indioes 4,

as possible in distinguishing central and global propsied
in recognizing and decomposing bulges and disks.
ellipticity profiles are not flat, mean- and minor-axis predil
have slightly different Sérsic indices than those alonglagor

uncorrelated wittMy 1. The light that is “missing” in cores with

Sincerespect to the inward extrapolation of the outer Sérsic lgrofi

corresponds to a stellar mass — in our sample — about 11 times
as big as the masses of the central BHs. (2) Lower-luminosity

axis. However, they agree on the essential question of wheth disky-coreless ellipticals generally are made of youngerss
n <4 orn> 4 (Fig. 63). Since Sérsic index measures how than are core ellipticals. Their stellar populations alsplass

much the outer profile is extended compared to the inner profil

enhanced or even Solar inelement abundances. Their main

and since an extended outer halo is a natural consequence dpodies have Seérsic indices< 4 almost uncorrelated withl 7.

dynamical heating (splashing) during violent relaxatidris
reasonable to expect that the major-axis profile is the oate th
is most sensitive to the physics that we wish to explore.
Second, we measuké-band surface brightness profiles and
use them as proxies for projected stellar densities. Thates
assume that mass-to-light ratios are constant with radibs.
color gradients illustrated in Figures 11 — 32 show that iis
not quite true. Converting—z colors shows thaf —K typically
varies by a few tenths of a mag arcSeover the Sérsic part
of the profile. Near-infraredK-band profiles are insensitive
population differences. Applying —K colors to the observed
profiles would change by small amounts but would not change

the dichotomy that we find between coreless ellipticals with

n < 4 and core ellipticals witim > 4.

And they do not have featureless, nearly power-law central
profiles; rather, they show distinct profile breaks and,riote

to them, extra light with respect to the inward extrapolatio
of their outer Sérsic profiles. Previously called “power Taw
ellipticals, we refer to them as “extra light ellipticals'The
amount of extra light is a larger and more varied fractiorhef t
total light of the galaxy than is the missing light that define
cores. A small number of exceptions to all aspects of the
dichotomy are observed. The dividing line between the above
types is at absolute magnitubie  ~ —21.6 and is not sharp.

12.2. How The E — E Dichotomy Arose

We suggest that core and extra light ellipticals formed
in dissipationless (“dry”) and dissipational (“wet”) memrs,

A more serious issue is dark matter. Its importance must respectively.

depend on radius.
regularity in the light profiles when we do not take dark matte
into account. The correlations that we observe are cleaBeut

it will be important to investigate how the stellar struetwof
galaxies is affected by halo structure and dynamics.

It is remarkable that there is so much This idea is not new. The need for dissipation to make the

high phase-space and mass densities of low-luminosity Es ha
been recognized for a long time (Ostriker 1980; Carlberg198

Gunn 1987; Kormendy 1989; Kormendy & Sanders 1992); it
has been connected with the merger picture from the beginnin

Finally, we need to keep in mind that our results are derived (Toomre & Toomre 1972). So, for example, Faber et al. (1997)
almost entirely from galaxies in the Virgo cluster. Work on a concluded that “Disky [power law] galaxies, including thei

larger sample is in progress to check whether ellipticatsier
environments are similar to those in Virgo.

high central densities, suggest final mergers that wereda% r
Our observations further strengthen this picture. Nunagric
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simulations of dissipative mergers that include star fdroma structure, rotation, and isophote shapes are most suatessf
and energy feedback predict extra, dense central componentwhen disky Es are made in wet mergers and boxy Es are made
just like the ones that we observe. We interpret the extfa lig in dry mergers (Naab et al. 1999; Naab & Burkert 2003; Naab,
as a “smoking gun” that points to dissipational formation. Khochfar, & Burkert 2006; Naab, Jesseit, & Burkert 2006;
It frequently has disky structure and kinematic decoupling Burkert, Naab, & Johansson 2007). Making extreme, non-
that are natural consequences of dissipative mergers.a Extr rotating Es is still a challenge (Naab et al. 2007a); thetgmiu
light profiles like those that we see in old ellipticals have may be a succession of mergers of several galaxies at once. So
also been observed in mergers-in-progress (Rothberg b8ose  How the differences between the two kinds of ellipticals
2004, 2006). Some simulations suggest further that largerarose appears well established by observations and siondat
Sérsic indices are produced by more violent mergefBhus Whythey arose is the subject of the next section.

numerical simulations and our observations both lead to a

picture in which the last merger that made coreless galaxies 12.3. Why The E — E Dichotomy Arose

was relatively gentle and wet, while the last merger that enad -

core galaxiegvg\]/as relatively violent and dry. 9 12.3.1. X-Ray-Emitting Gas and AGN Energy Feedback

Because: in the absence of supermassive BH, mergers of Create the E — E Dichotomy
coreless galaxies tend to make coreless galaxies. Therefor The key observations prove to be two aspects of the E—E
Faber et al. (1997) pointed out that “arguments concerrirgy[  dichotomy that are shown in Fig. 47. Bender et al. (1987, 1989
formation of] boxy [core] galaxies are less clear: the globa discovered (1) that boxy ellipticals tend to be radio-louule
kinematics of these galaxies suggest final mergers thatgesre  disky ellipticals do not, and (2) that boxy ellipticals migst
poor, but forming and preserving cores in such models may contain X-ray-emitting gas while disky ellipticals do ndhese
be difficult” To solve this problem, the key realization has correlations were not understood; most subsequent distisss
been that cores may be excavated by binary BHs. This idea,did not mention them but rather concentrated on the straktur
once radical and ad hoc, has become mainstream as we havand dynamical differences between the two kinds of ellgitic
found a BH in every well-observed elliptical. If we believet Now the X-ray and radio correlations take center stage.
ellipticals form by major mergers, then these must generall ~ We suggest that X-ray-emitting gas that is kept hot by AGN
make BH binaries. Black hole scouring, far from being ad hoc, feedback is the reason why giant-boxy-core ellipticalsrfed
becomes inevitable. While the BHs are well separated; they dissipationlessly. In contrast, disky-extra light eligais and
sink individually by dynamical friction against the backgnd their merger progenitors are too low in mass to hold onto hot
stars. The light distribution of the galaxy is not affected, gas. Also, we suggest that AGN feedback is weaker in these
because the BHs have a small fraction of the mass of the galaxygalaxies; they experienced either weak feedback (§10.2) or
But as soon as the BH separatioR & small enough so that  positive feedback (Silk 2005). As a result, dissipativetzissts
the total stellar mass at: Ris comparable to the mass of the were possible. Figure 47 provides the connection between
BHs, they must affect the stellar density profile. After save  X-ray gas, AGN physics, and the E — E dichotomy.
dry mergers, the stars that they have flung to larger radiigdd
to several times the combinedBH masses. The excavated cores 42 bl
can even be hollow, and a few hollow cores have been observed — .
(Lauer et al. 2002). Faber et al. (1997) showed that observed
core properties are reasonably consistent with core soguri i b ! %o

But an important problem remains unsolved. The puzzle is
no longer, “How can cores form?” but rather, “How can core
excavation by binary black holes be prevented?” Faber et al.
(1997) ask the same question and propose the same answer that
we do: “... if cores are formed by merging binary BHs, why do
power law galaxies ... not have cores? BHs appear to be just as
common in power law galaxies (Kormendy & Richstone 1995).
Perhaps power laws can be regenerated by star formation from
fresh gas supplied by the latest merger. However, to avaigjbe LI
ejected by the BH binary, the new stars must fafiter the BH
binary shrinks, which poses a timing problem if BHs sink te th
center more slowly than gas.”

Our observations suggest the same solution. The extra
stellar masses in coreless ellipticals tend to be larger Bta
masses. BH binaries cannot fling most of it away. We suggest
that central starbursts associated with dissipative mgiftgve
swamped BH scouring and filled in any cores. This reduces
the timing problem discussed by Faber et al. (1997). It may
not prevent the occasional late formation of a new core if the
BH binary survives the starburst. In fact, several extratlig
ellipticals show signs of tiny cores the extra light NGC 4458
is the best example (Figure 19). The interplay between star -1 1 2 3
formation and BH scouring is likely to be complicated. Any al4) / ax100
over-simplistic interpretation is likely to suffer excapts. FiG. 47.— Correlation of X-ray emission from hot gasy) and radio

; ~ ; ; :+ emission potton) with isophote shape parametarof elliptical galaxies (from
Meanwhile,n-body simulations that seek to reproduce orbit Bender et al. 1989). Boxy isophotes hae< 0: disky isophotes hawe; > 0.
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BH binding energies are enormous; if only a small fraction heating is a strong function of galaxy stellar mass. Takeétg j
of the energy released in making them is fed back into gaseousproperties and AGN duty cycles into account, they estintete t
protogalaxies, the effect on galaxy formation is profound radio-mode heating scales with central black hole mas4Z&s
(Ostriker & Ciotti 2005). Silk & Rees (1998) make a Thereforeitis similarly a strong function df, andMy 1 (Faber
compelling case that AGN feedback has a major effect on the & Jackson 1076; Tremaine et al. 2002).
formation of giant galaxies. Their arguments, the resufts 0  We can also update the connection between hot gas X-ray
galaxy formation models (reviewed by Cattaneo et al. 2008b) luminosity and the E—E dichotomy. Pellegrini (1999, 2005)
and 8§ 10.2 here suggest that AGN feedback is a strong functionconfirms that X-ray luminosity participates in the dichotom
of galaxy luminosity. But the introduction of feedback into Like Bender et al. (1989), she sees a correlation @&jthShe
formation models isad hoc— it is tuned to solve specific also finds the corresponding correlations with central [gofi
problems, but we do not understand the underlying physics.slope and the degree of rotational support. In addition:

And AGNSs are episodic, with long “down times” between Figure 48 shows how the total X-ray emission of elliptical
short periods of activity. How can we be sure that an AGN galaxies depends on stellar luminosity. It updates Figuire 9
is switched on every time we need one (e.g.) to quench Ellis & O’Sullivan (2006), which shows thROSATsample
star formation when gas-rich galaxies are accreted bywld, of O’'Sullivan, Forbes, & Ponman (2001) coded according to
element-enhanced ellipticals? Therefore: whether the galaxies have core or power law profiles. More

A welcome watershed in the credibility of AGN feedback profile classifications are now available. Also, we can use/bo
was a workshop on “The Role of Black Holes in Galaxy versus disky structure to distinguish the two types of gdgds.
Formation and Evolution” (Potsdam, Germany; Sept. 2006). (Occasionally this conflicts with profile classificationgthwe
McNamara & Nulsen (2007) and Cattaneo et al. (2008b) use the latter.) Thilack lineshows the O’Sullivan et al. (2001)
provide reviews. The above problems are plausibly solved if estimate of the contribution from discrete sources such-esy/X
AGN energy is fed into X-ray-emitting gas in giant galaxiesla  binaries. The discrete source contributiori_fois proportional
galaxy clusters. As emphasized by Best (2006; cf. Kauffmann to Lg (Fabbiano 2006). Consistent with Bender et al. (1989,
Heckman, & Best 2008), feedback requires a working surface. Fig. 47 here), Figure 48 shows that few coreless-disky drdax
Hot gas provides that surface. We suggest that it stores AGNare detected in X-rays and those that are detected mostly are
energy and smooths out the episodic nature of the energyconsistent with the discrete source estimate. In conimémst
input. It quenches star formation in accreted, gas-ricexjas all core-boxy galaxies are detected in X-rays and show astee
before that star formation threatens the observation tiaas s dependence dfx on Lg. So Figure 48 further confirms that
in giant Es are old (Binney 2004; Dekel & Birnboim 2006; X-ray luminosity participates in the E —E dichotomy.

Nipoti & Binney 2007). Can radio AGNs keep hot gas hot?
We are not sure. BuUthandraand XMM-Newtonobservations

make a strong case that central radio sources heat the Xagy g = SICOTC RI87

in clusters of galaxies. Examples include the Perseuserlust s

(Béhringer et al. 1993; Fabian et al. 2000, 2003, 2006, 2008; e power law (g limits)

Sanders & Fabian 2007); Hydra A (McNamara et al. 2000); 42 b= - ONGAR2
Abell 2052 (Blanton, Sarazin, & McNamara 2003); M87 ,.I./'t
(Forman et al. 2005); and MS073%8421 (McNamara et al. B %o I
2005). Evidence for shock fronts, bubbles, and compression N3§05 o

waves are signs that energy outflow in jets is redistributetem
isotropically into the hot gas. The evidence that jets heat g
within galaxies as well within clusters is less direct. Betsal.
(2006) conclude that “the radio sources which give rise & th
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bulk of radio source heating are low-luminosity sourcesaluhi - d
tend to be compact and more confined to the host galaxy.” Diehl 7
& Statler (2008) also find evidence for AGN feedback within B f&ee“v 7
normal Es. These observations make AGN heating of hot gas = @50“ i
more believableWe assume that, for AGN feedback to work, a 6\'50@
galaxy needs both an X-ray gas halo and sporadic AGN activity 38 - —
Figure 47 shows that both features are common in boxy ~SM32 S T | T T | B

and rare in disky galaxies. This is confirmed by Balmaverde 8 9 10 11
& Capetti (2006), Capetti & Balmaverde (2006), and Ellis log Ly (Ly)

B O]

& O'Sullivan (2006). Almost equivalently, both featuresar S o
common in big and rare in small galaxies (O’SuIIivan et al. FiG. 48.— Total observed X-ray emission versus galBxdyand luminosity

R A - . . . (adapted from Fig. 9 of Ellis & O’Sullivan 2006). Detectioage color-coded
2001; Ellis & O'Sullivan 2006; Best et al. 2005; Pasqua“ let a according to the E — E dichotomy (see the key). New classifiestof core

2008). First consider radio AGN heating. Best et al. (2005) and power law profiles are from Lauer et al. (2007b) and frompbatometry.
show that the fractionfragic-lous Of galaxies that are radio-  Classifications of boxy and disky structure are from Bendet.§1989). The

; ; ith i ; mids contribution from discrete sources is estimated byhfaek line (O’'Sullivan
|fOUd Increas%% dramatlpallly V\{,Ith mcreasw:)g stellar 01? et al. 2001). Theed lineis a bisector fit to the core-boxy points, i.e., the
radio-loud ¢ M. In particular, fragio-loud > 1% atM,. > 1 bisector of regressions of ldgy on log Lg and of logLg on logLy. Core-

Mg; this is roughly the transition mass between the two kinds boxy ellipticals statistically reachx = 0 from hot gas atg ~ 9.94. This
of ellipticals. At the highesi.., which are generally the oldest  corresponds tdvly ~ -20.4, which is about 1 magnitude fainter than the

(Fi 46) mosto-element-enhanced (Fi 45) and most box stellar luminosity that divides the two kinds of elliptisalCore and power law
g. ! g. y Es clearly overlap in luminosity, but most core galaxies dd enost power

(Fig. 47) galaxies,> 30 % of ellipticals are radio'l()Ud-. NOt  |aw galaxies do not contain significant X-ray-emitting gaghe strongest
surprisingly, Best and collaborators conclude that radade exceptions, NGC 3605 and NGC 6482, are discussed in FodtBote
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Thered linecrosses thélack lineat logLg ~ 9.94. That is, formation is quenched. Dekel and Birnboim (2006, 2008)
the X-ray luminosity from hot gas goes to zerdt ~ -20.4. propose that the gas is maintained at this hot temperature by
This is about 1 magnitude fainter than the stellar lumiryosit the heating caused by additional accretion; AGN feedback is
that divides the two kinds of ellipticals. Core and power law an alternative heat source (Best et al. 2006; Best 2007a, b).
Es are known to overlap in luminosity (Lauer et al. 1995, 2005 The transition between galaxies with and without X-ray gas i
2007b; Faber et al. 1997), and this is evident in Figure 48. Bu expected to occur at the dark matter halo mass at which the
Figure 48 suggests that most core galaxies do and most powehot gas cooling time is comparable to the infall time. Dekel &
law galaxies do not contain significant X-ray-emitting gas. Birnboim estimate that this happens\d; ~ 10*?> M. Kere$

A few power law galaxies may contain small amounts of X- et al. (2005) get 184 M. ImplementingM.; quenching
ray gas, including NGC 4387, NGC 4473, NGC 4458, and proves to allow semi-analytic models of galaxy formation to
NGC 4621 from our samglé. However, O’Sullivan et al. reproduce the color bimodality of galaxies (“red sequence”
(2001) estimate that the contribution from discrete saairce versus “blue cloud”) as a function of redshift (Cattaneolet a
varies by a factor of 4 from galaxy to galaxy. Itis not certain 2006, 2008a, b). Using a baryon-to-total mass ratio of 1/6
that these galaxies contain hot gas. More importantly, NGC (Komatsu et al. 2008t = 10'°M,, implies a stellar mass
4387 is located between the gas-rich, giant Es NGC 4374 andof M, = 1.7 x 10'*M,. With a M/Lg ~ 8 (§10.1), this
NGC 4406. NGC 4473 is in the chain of Virgo galaxies that corresponds tiMg = -20.3 or My = -21.3. This is almost
has NGC 4374 and NGC 4406 at one end. NGC 4458 forms aexactly the absolute magnitude that divides our faintes¢ co
close pair with the brighter SO NGC 4461. All three galaxies galaxy (NGC 4552 Myt = —21.66) from our brightest extra
benefit from the nearby presence of additional gravitationa light galaxy (NGC 4621,Myt = —-21.54). The dividing
potential well§§ And NGC 4621 hadiyt = -21.54. It is not luminosity in Figure 48 is formally a factor of 3 fainter, but
surprising if these four galaxies contain a little hot gass &lso Lx is significantly higher than the discrete source estimalg on
consistent with our formation picture: Any merger progerst atMg < —20.6 (logLg > 10.4). This is remarkable agreement.
of these galaxies were less luminous and less able to hold hot

gas; it is plausible that hot gas could be retained only after 12.3.2. ULIRGs as Ellipticals in Formation:

merger made a deep enough potential well. Also, from stellar  po Supernovae Control Dwarf Galaxy Evolution Whereas
population data, the wet mergers that made these galaxiks to AGNs Control Giant Galaxy Evolution?

place long ago, when the Virgo cluster was less well formed . .

than itis now. This highlights an unavoidable uncertaintgur Are low-luminosity ellipticals gas-free? If so, why? Gas

picture: We interpret the formation physics in terms of ¥-ra Shed by dying stars is just as large a fraction of small gataxi
gas that is observed now, but that formation took place Igaga S itis of large ones, and galaxies fill quickly with recyotgzs
Since then, hot gas content, heating mechanisms, and goolin (Ciotti et al. 1991; Ostriker & Ciotti 2005). We suggest ttize
rates may have evolved. Connecting present-day obsemgatio nswer to the first question above is a resounding “yes and no
with a formation picture depends on our assumption that mass First the “yes” part: Published work and present results
controls X-ray gas content. It is supported by the conchusio suggest thathe energy feedback that contro_ls galaxy evolyt|0n
that AGN heating rates currently balance cooling rates, so changgs fundamentally from supernovae in small galaxies to
steady state is possible (Best et al. 2006, 2007a, b). AGNs in large ones We have argued that AGN feedback
What we find compelling is thisThe transition luminosity ~ 9&tS more important at higher galaxy masses. At the highest
between galaxies that should contain X-ray gas and thoseMasses, the case for AGN feedback is compelling (Cattaneo
that should not can be estimated from theory and tested for €t @l- 2008b). In dwarfs, it is difficult to doubt the imporeen
consistency with observations using semi-analytic modéls ~ ©f Supernova-driven baryonic blowout as one process thasgi
results agree with the observed X-ray transition luminosit €xtreme dwarfs their low baryon densities and that converts
found above and with the observed E —E transition luminosity irrégulars into spheroidals (§2.1, §8; Dekel & Silk 1986).
Birnboim & Dekel (2003) and Dekel & Bimboim (2006, 2008)  Very general argumentsimply that supernova feedback eess |
present theoretical arguments and Keres et al. (2005) find inimportant at higher galaxy masses (e.g., Dekel & Silk 1986;
SPH simulations of gas accretion in hierarchical clustgtirat, ~ Somerville & Primack 1999, who review earlier work; Benson
when gas falls into shallow potential wells, the dynamias ar €t al- 2000, 2003; Garnett 2002; Dekel & Woo 2003; Ostriker

gentle, the inflow stays cold, and it makes star-formingslisk & Ciotti 2005; Veilleux, Cecil, & Bland-Hawthorn 2005).
In contrast, when gas accretes onto giant galaxies, a shock Provided that star formation is rapid, Dekel & Woo (2003)

develops, the gas is heated to the virial temperature, and st find that supernovae can unbind the remaining gas if theastell
mass isM,. < 3 x 10'° M. This agrees remarkably well with

12Nine of 17 extra light galaxies in Table 1 are representeddnrié 48; the four detections are discussed in the text;@ke(mostly fainter galaxies) are limits.
Three of our five SOs are represented in Figure 48; all arédindill of our core galaxies except NGC 4382 are represemtdeigure 48; all are detections. So our
conclusions about the relevance of hot gas to the E—E dioho&oe based very significantly on X-ray observations of ties@nt Virgo cluster sample.

13 This is also true of NGC 3605, which stands out in Figure 48aasnly highLx at low Lg. But NGC 3605 lives inside the X-ray halo of the much brighter
elliptical NGC 3607. It is not clear that NGC 3605 perturbs ¥rray contours of NGC 3607 (Fabbiano et al. 1992). At bes@asnring a separate X-ray luminosity
for NGC 3605 is tricky. But also, NGC 3605 benefits from theplpetential well of the bigger galaxy. So rather than beingxeption to our conclusions, it is a
good example of the importance of high mass in retaining ast § possible real exception is NGC 4125, the highestlisky galaxy in Figure 48. A not-yet-relaxed
merger in progress (Schweizer & Seitzer 1992), the observaff nuclear dust (Rest et al. 2001; Lauer et al. 2005; [2rainal. 2007) — which prevents us from
classifying the central profile — suggests that the mergehird some cold gas. The disky structure may be temporadyttee X-ray luminosity may be temporarily
enhanced. However, the galaxy may settle down to be a weaptaen to our conclusions; that is, the remnant of a mergarwhas at least damp in a galaxy that
ends up luminous enough to contain some X-ray gas. FinaBCM482 is not a problem in terms bk (Lg is certainly high enough), but it istzona fideexception
to the usual luminosity at which the E-E dichotomy happenss Very disky (Bender et al. 1989). From archit#6 T images, we find that it has a extra light and a
normal small Sérsic index of.2+ 0.2. It is an example of a “fossil group” (Khosroshahi, JonesP@man 2004). We interpret it as the fossil of the mergef(s) o
several progenitors that were too low in mass to have hot igasheat therefore could merge dissipatively. After the regrthe remnant is much more massive than
normal remnants of wet mergers. Given that ellipticals hegeeat variety of merger histories, we expect a few excegptto all aspects of the E — E dichotomy,
including the luminosity at which it happens. That is, itreadnevitable that a few outliers like NGC 6482 will have fadnn rare variations on the merger theme.
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the masaMl,, ~ 5 x 10'° M, at which theLx —Lg red linein This helps: We have come to think that all dissipative mexger
Figure 48 crosses the estimate lgf from discrete sources. are like ULIRGs. Because of their extraordinary infrared
I.e., Dekel & Woo suggest that supernovae can drive gas out ofluminosities, they deservedly attract attention. But ¢hexist
galaxies over just the mass range where Figure 48 showsdhat n many less spectacular dissipative mergers with easily ginou
hot gas is seen. However, a starburst is necessary so thgt mancentral star formation for our picture but less of a gas dlegan
supernovae go off together. Absent a starburst, Dekel & Woo problem (e. g., Schweizer 1980, 1982, 1987, 1989, 1996,;1998
assume that supernovae merely regulate star formatiore Lik Hibbard et al. 1994; Hibbard & van Gorkom 1996). It is not
Dekel & Silk (1986) and consistent with Garnett (2002), they necessary always to ls@akingwet.
use supernova-driven baryon ejection and supernovaatsgll A caveat is the possible “no” answer above. Gas may not be
star formation to explain the low-luminosity, low-surface completely absent in low-galaxies; it may just get too cool to
brightness sequence of spirals, irregulars, and sphdsoida radiate X-rays. After all, there are strong reasons to belilbat
whose Sphs form one side of our E— Sph dichotomy. a warm-hotintergalactic medium surrounds even small gedax
Fundamental to the physical picture that we suggest in (e.g., Danforth & Shull 2008; see Bregman 2007 for a review).
this paper is a merger-induced starburst that makes tha extr But the good correlation ofx with the E — E dichotomy
light component in coreless galaxies. This may be the rapid suggests that a small amount of hot gas in low-luminosity Es
star formation event that Dekel & Woo need in order that (Ho 2008)is no problem for our formation picture. Still-diea
supernovae can clean low-mass merger remnants of their gas. galaxies that were their merger progenitors can easily have

Doing so is not a trivial issue: contained the cold gas necessary to make wet mergers wet.
Ultraluminous infrared galaxies (ULIRGS) are mergers-in- )
progress (Joseph & Wright 1985; Sanders et al. 1988a, b; 12.3.3. Perspective

Sanders & Mirabel 1996; Rigopoulou et al. 1999; Dasyraetal. In summary, we suggest that X-ray gas prevented star
2006a) that are prototypes of the formation of ellipticalshe formation in the last mergers that made giant-boxy-core Es.
local universe (Kormendy & Sanders 1992). They are rich in And we suggest that AGN feedback is the main process that
gas and dust. Their structural parameters are consistéimt wi keeps hot gas hot. Thub.it quenching is the fundamental
the fundamental plane (Kormendy & Sanders 1992; Doyon reasonwhy the E — E dichotomy arose. It is not necessary
et al. 1994; Genzel et al. 2001, Tacconi et al. 2002; Veilleux that both merger progenitors lacked cold gas, since hot gas
et al. 2006; Dasyra et al. 20064, b). Stellar velocity disjpers can prevent star formation even when some cold gas is present
o ~ 100 to 230 km &' show that local ULIRGs are progenitors  Metaphorically, there are three ways to be dry: water can be
of moderate-luminosity ellipticals; i. e., the disky-class side absent, frozen, or steam. This section was about steam.
of the E—E dichotomy andot boxy-core ellipticals (Genzel Our picture of the formation of elliptical galaxies is
et al. 2001; Tacconi et al. 2002; Dasyra et al. 2006b, c). closely similar to that advocated by Dekel and Cattaneo and
So ULIRGs are consistent with our formation picture: they collaborators on theoretical and modeling grounds and bgFa
are merger-induced starbursts that are making- 160+ 60 (2005) and Faber et al. (2007) based on observations of SDSS
km s? (hence coreless-disky) ellipticalsAfter much debate  and distant galaxies. Their picture oM quenching” of
about what energy source dominates ULIRGs (Joseph 1999;star formation was developed to explain specific obsematio
Sanders 1999), it has become clear that starbursts dominat@uzzles, mainly the color bimodality of galaxies and the
energetically in almost all cases (Lutz et al. 1996; Gental.e  surprising observation that the biggest ellipticals fodntieeir
1998; Downes & Solomon 1998; Joseph 1999; Rigopoulou stars quickly and long ago. Much effort has gone into showing
et al. 1999; Genzel et al. 2000; Tran et al. 2001; Spoon et al.that it explains the properties of galaxies as a function of
2007; Netzer et al. 2007; Vega et al. 2008; Nardini et al. 2008 redshift. These are important accomplishments. They axtcou
ULIRGs are rare locally, but they get more common rapidly for the well deserved popularity of this formation picture.
with increasing redshift (Sanders & Mirabel 1996; Le Floc’h  Our results lead to the same bottom line via a different route
et al. 2005). This is consistent with the protracted ovestat Independently of the above work, this paper has developed an
formation histories of disky-coreless but not boxy-corg$ese observational picture of what it means to be an ellipticddhga
Renzini 2006 for a review). On the other hand, the timescalesWe confirm that ellipticals form a well defined structural
of individual starbursts in ULIRGs are a few tens of milliasfs sequence — distinct from that of spheroidal galaxies — with a
years (Lutz et al. 1996; Genzel et al. 1998), not much longer luminosity function that is bounded at lowapproximately by
than the lifetimes of the stars that die as supernovae artl sho M 32 and at high. by M 87 and by still brighter cD galaxies.
enough for Dekel & Woo's argument. ULIRGs are exactly the Ellipticals formed via major mergers; this was known. We
ellipticals-in-formation that we propose. That's the gamvs. have added to the evidence that ellipticals come in two tiasie
Here is the bad news: that have interpretably different properties. Among thase

It is a big step to understand how these intermediate-massthe distinction into core galaxies, which (if scoured byasin
mergers-in-progress lose their gas, as they mustdo if theetpa  black holes) require dry mergers, and “extra light” ellgats,
form extra light ellipticals. A plausible picture is thisl)(star where the extra light is a “smoking gun” that implies dissipa
formation in the infalling gas in a merger efficiently cortger  formation. This strengthens the conclusion — otherwise not
much of the gas into stars, (2) the observed, strong winas fro new — that the reason for the E—E dichotomy is dry versus
ULIRGs — driven mainly by hot stars and supernovae — are wet mergers. Why there is such a dramatic wet-versus-dry
beginning the process of gas ejection (see Veilleux et &520 distinction and why it depends on galaxy mass was not known.
for a review), and (3) Dekel & Woo's argument tells us the mass Also, while it was known that the E—E dichotomy includes
range over which this process will ultimately be successful the presence or not of X-ray gas and the importance or not
Their estimate is consistent with our conclusion that a gean of radio AGNs, the relevance of these observations was not
in dominance from supernova to AGN feedback happens overunderstood. We connect them into a coherent picture in which
a range of several magnitudes betwé&n~ -20.4 and-21.6. the X-ray dichotomy is central to our understandingufy the
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E - E dichotomy developed. Fundamental to the explanationmergers dry. We show that this picture accounts naturally
is a transition from supernova-driven energy feedback ialsm for the observed dichotomy of elliptical galaxies into dry
galaxies to AGN feedback in large ones. We suggest that X-raymerger remnants that contain cores and wet merger remnants
gas is the essential agent that makes dry mergers dry and thathat contain extra central components that are the sigestur
AGN feedback is important only in giant galaxies and keefis ho of merger starbursts. Merger simulations that are motilate
gas hot. The essential property that allows a galaxy torreai by these results and that incorporate the above physics do
X-ray halo is mass. The mass necessary for the observationsemarkably well in reproducing the different propertiesofe

that we have discussed is exactly the critical mass invthg and extra light ellipticals (Hopkins et al. 2008a, b, c, d, €)

quenching picture. The two pictures have converged “faz.fre
13. THE E — SPH DICHOTOMY

12.4. Context: Summary of Elliptical Galaxy Formation Fundamental to the above discussion is the conclusion that

Our results contribute to a picture of elliptical galaxy elliptical and spheroidal galaxies are physically diffgreThis
formation that now encompasses a broad range of phenomenaesult, presciently guessed by Wirth & Gallagher (1984),
Hierarchical clustering (White & Rees 1978) leads to galaxy demonstrated by Kormendy (1985b, 1987b), and confirmed
mergers that scramble disks and make ellipticals (Toomr&19 by Binggeli & Cameron (1991) and Bender et al. (1992), has
Schweizer 1989). Merger progenitors usually contain gas; been much criticized in recent years. With high-dynamic-
gravitational torques drive it to the center (Barnes & Herisg range brightness profiles, we show in Figures 34—38 that the
1991, 1996) and feed starbursts (Mihos & Hernquist 1994, E—Sph dichotomy is real. In correlations such as effective
1996). ULIRGs are local examples of dissipative mergers. brightness versus effective radius and effective brigsgne
With intermediate masses, their descendants correspahéd to  versus absolute magnitude, ellipticals and spheroidais fo
extra light—disky part of the E—E dichotomy. Observations almost perpendicular sequences. These sequences approach
(reviewed in §12.3.2) and theoretical models (Kauffmann & each other ailyt ~ —18, near the maximum of the luminosity
Haehnelt 2000; Hopkins et al. 2005a, b; 2006a, b) imply that function for ellipticals but at a luminosity where spheralglare
ULIRGs are related to quasars. The consequences for galaxyare. The dichotomy is not a result of a biased sample; in fact
evolution are not clear. AGNs are seen to be more importantour sample is biased in favor of finding the spheroidals that a
in more luminous ULIRGs (Lutz et al. 1998; Genzel et al. most like ellipticals.

2000; Tran et al. 2001; Farrah et al. 2002; Veilleux et al.  This result is critically important to our understanding of
2006; Schweitzer et al. 2006; Netzer et al. 200). But most galaxy formation. Consider the contrary: If spheroidabgés
ULIRGs are energetically dominated by starbursts. It isucle and all ellipticals except those with cores formed a cordirau
that merger-induced starbursts like those discussedsmptper Sph-E sequence in parameter space, then that sequence would
as the origin of “extra light” in coreless ellipticals havetibeen be completely different from the fundamental plane discege
prevented by AGN feedback; nor do the papers reviewed in by Djorgovski & Davis (1987) and Faber et al. (1987) and
the previous section find any correlation of AGN importance studied by many others (e.g., Bender et al. 1992, 1993).
with the dynamical stage (early or late) of the host merger. That Sph—E sequence would be almost perpendicular to our
Altogether, it appears likely that quasar energy feedback h  fundamental planege oc 024015 |J09401 ts interpretation

a major effect on the formation of bright ellipticals (Silk & that structure is controlled by the Virial theoreraec o2 152,
Rees 1998; Ciotti & Ostriker 2001; Ostriker & Ciotti 2005) maodified by small nonhomologies would be wrong. A Sph—-E
but not faint ellipticals (this paper). This helps to explaihy sequence would be inconsistent with the well establishadltre
supermassive black holes correlate with bulges (Kormendy & that the scatter in the E — E fundamental plane is small (&agli
Richstone 1995; Ferrarese & Merritt 2000; Gebhardt et al. etal. 1993; Jgrgensen et al. 1996). Merger simulationsléBey
2000; Tremaine et al. 2002) but not disks (Kormendy & Kolchin et al. 2006; Robertson et al. 2006; Hopkins et al.
Gebhardt 2001) — bulges and ellipticals are made in mergers,2008d, e) reproduce the E—E fundamental plane, not a set of
but disks are not. So, while many details remain to be worked Sph—E correlations. Equating spheroidals with low-lursityo

out, our picture of the formation of extra light—disky etlials ellipticals would imply that they formed similarly, but weea

is becoming well articulated. Now our understanding of eore confidentthat ellipticals formed by mergers, and we belibag¢
boxy ellipticals is catching up. Critically important iseh  dwarf spheroidals cannot have formed by mergers (Tremaine
observation that essentially all of their star formatioppened 1981). Continuous Sph — E correlations are inconsisterit wit
quickly and long ago (Bower et al. 1992; Bender 1996, 1997; almost everything that we know about galaxy formation.
Thomas et al. 1999, 2005; Bernardi et al. 2003; Renzini 2006) However, our results confirm that elliptical galaxies of
We know little about their merger progenitors. Neverthgles both types together define the classical fundamental plane i
parallel investigations of the theory of gas accretion miyri ~ which lower-luminosity galaxies have smalltgrand brighteite
hierarchically clustering (Birnboim & Dekel 2003; Dekel & (Kormendy 1977) all the way from giants like M 87 to dwarfs
Birnboim 2006, 2008), simulations of the accretion (Kertedi e like M 32. Spheroidals overlap this sequence in luminobity,
2005), semi-analytic models of galaxy formation including much below the brightness of M 3®4(t = —-16.7), where we
energy feedback (Cattaneo et al. 2006, 2008a), obsersation find no ellipticals, their luminosity functions rise steglll

of galaxy evolution with redshift (Faber 2005; Faber et al. the way to the faintest galaxies knowll(r > -9). Along
2007), and archaeology of galaxy structure (this paperghav this sequence, visible matter densities decrease rapiily w
converged on an M picture” in which total masaM is decreasing galaxy mass, consistent with the progresssge lo
the main parameter that controls galaxy evolution. Only at of more and more baryons as gravitational potential welts ge
M > Mci; can galaxies create, continually reheat, and hold onto shallower and as supernovae get more effective in ejectisg g
hot gas halos at X-ray temperatues; they keep them hot via a(e. g., Dekel & Silk 1986; Dekel & Woo 2003). For our overall
combination of AGN feedback and cosmological infall, and understanding of galaxy formation, confirmation of the Ek Sp
they use them to quench star formation and make subsequentlichotomy is the most important result of this paper.
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APPENDIX A
SERSIC FUNCTION FITS TO THE ELLIPTICAL AND SPHEROIDAL GALAXES

Appendix A documents our Sérsic (1968) function fits to thgomaxis brightness profildgr) of elliptical and spheroidal galaxies
(Figures 49-72). We test the robustness of our fits to chaingge adopted fit range. We provide a summary (Figures 73) wit
which users of Sérsic functions can judge whether or not yin@ahic range of their profile data are adequate for reliatde fi

The Sérsic function is N
I(r)=1le dex{—bn[(r—) - H , (AD)
e

whereb, is chosen so that, = “effective radius” contains half of the total light of the el profile and. = “effective brightness” is
the surface brightnessiat Over the range of Sérsic indice$@< n < 16.5, numerical integration gives the approximation formula,
b, ~ 0.868n-0.142 (Caon et al. 1993). That paper, Ciotti 1991), Graham €1896), Ciotti & Bertin (1999), Trujillo et al. (2001),
and Graham & Driver (2005) discuss Sérsic functions in detdiey have become popular machinery to describe the psaffl&
and Sph galaxies and to derive parameters, andue = —2.5logle, for structural analyses such as fundamental plane studies

This Appendix concentrates on two aims that are not disclissgrevious literature. We illustrate each fit, includiggellipses
in the fit parameters. These provide realistic error eséséd Al) that take the (often very strong) parameter cogpfito account.
Second (8 A2), we explore the robustness of the fits to chandhe range of radii that are fitted. This is important beeausither
profile measurement errors nor errors associated with @nydaf the function to describe the profiles are randomns E#tn change
substantially depending on whether particular wiggleshia profile are included or notHow much dynamic range in a galaxy
brightness profile is required to get a robust Sérsic WRh accurate profiles over large dynamic ranges, we cananthis for the
Virgo cluster sample. The results should be useful as a gegeide to interpreting the reliability of published andute Sérsic fits.

Figures 49 —72 illustrate the fits. Consistent with § 4.1, w8érsic functions over the largest radius ranges over wthighagree
with the composite major-axis profiles. Fit tolerances adnined from the profile measurement errors implied bystiater at
each radius of the individual measurements illustratedgaries 11 — 29 (top and bottom panels) and from the functitindierrors
to the mean profile in Figures 49— 72 (top-left panels hereyeneral, the latter errors dominate. The median RMS of TH&is
0.040V mag arcse?. The mean RMS is 0.046 mag arcse@, and the dispersion in RMS values is 0.049nag arcse®. Sérsic
functions fit the main parts of the profiles of both E and Splaxjak astonishingly well over large ranges in surface Ibnigés.

Of course, the above RMS values depend on our decisions orewdeut the fit ranges at small and large radii. At large radii
we prefer to keep deviations t00.1 mag arcseé; as judged from the agreement between different sourcissistapproximately
the estimated profile error at large radii. However, in soases, slightly larger deviations are accepted if doing sattyr increases
the radius range of the fit. Our aim is to have the Sérsic fitritesas large a fraction of the total light of the galaxy assiluls,
consistent with measurement errors. Note that in almosgfaddixies, the fit does not fail at large radii; rather, thefifg@nds where
the signal-to-noise becomes too low, where sky subtratt@momes insecure, or where we reach the edge of the deteditbofi
view. For most galaxies, the Sérsic fits accurately describe thiemais profiles over radius ranges that includ€93% to 99 % of
the light of the galaxieésee Figure 41).

At small radiir, the deviations of the profiles from the best fits become largksystematic, and they do so quite suddenly as
decreases. This indicates the presence of cores or exitaAigain, we cut the fit range where these deviations becamparable
to the measurement errors. We tend to be slightly conseeratie often include radii where the fit departures assatiaith cores
or extra light are starting to become apparent, again inrdcdiaclude as much of the galaxy in the fit as possible.

For a few galaxies, small radius ranges near the center aheded because of dust absorption. These do not signifjcaffiéct
the fit results. Also, for a few galaxies, parts of the profile excluded where large fit errors are associated with naoiiHegum
structures that can be identified on physical grounds. Thesdiscussed in § A.3.

Al. PARAMETER ERRORS ESTIMATED VIA(? ELLIPSES

Figures 49—72 show two fits each, i. e., the top and bottomekadé each page. For each fit, the left two panels show the mean
profile points, the fit range, the fit (as a solid curve), andrésdualsAp from the fit, together with the RMS within the fit range.
Figures 11— 29 are corresponding plots that show all of tlggra@l data sources. The middle column of each figure heressiioe
x? ellipses and lists the fit parameters. The quoted parametmsere the half-widths of eact? ellipse in that parameter. The
right-hand columns of figures explore robustness to chaingée fit range; they are discussed in § A2.

The best-fit Sersic models were derived by minimizing

1= [u(n) - sl
2 _
¥ = N3 .2:1: 3 (A2)
wherei(r;) are the observed surface brightnesses at ragiith measurement erroes, ;, and uus(ri) is the surface brightness of
the Sersic model, equation (Al), mt Also, Nyata is the number of data points, ahj,4 is the number of independent data points.
EstimatingNing has always been one of the central uncertainties in proféerfitr analysis. We are helped by the fact that we average
many independent data sets from different telescopes adfilepmeasurement techniques. On the other hand, closetedmata
points near galaxy centers are coupled by PSF smoothirasemjdata points at large radii usually suffer from sinplarblems with
large-scale flat fielding and sky subtraction, and it is comirfmw profile measurement software to smooth images at ladjein
order to improve S/N and to compensate for problems with exhsk removed foreground stars and background galaxieseftine

it is unrealistic to believe that all data points in our tatia mean profiles are independent. After experimentatitintiie data sets

for individual galaxies, we adopt the somewhat consergatasumption thdling ~ Nyats/2.
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The other uncertainty in applying equation (A2) is the eation ofco,, ;. Inherent inxy? minimization is the assumption that the
errors in the fitted data points are random and uncorreldteelresidual plots show that both assumptions are almoayalwiolated.

A few profile wiggles are produced artificially when (for exale) one profile data set starts to deviate from the othersatrabme
radius, suddenly gets omitted from the average. But exaimimaf Figures 11 — 29 shows that most profile wiggles are+daaky
look the same in many data sets. They represent failuree@éhsic function to describe the profiles at the few-pereset. Such
failurs are in no sense unexpected. On the contrary, it igrsimg that Sérsic functions work as well as they do. Néwadess,

the wiggles in the residual profiles — and, to a lesser exseatfer in the residual profiles that is indicative of mordess random
measurement errors — represent the ultimate limit on tharacg of the Sérsic fits. We use the RMS scatter of the fits (see t
keys of Figures 49—72) as our estimatergfi. As long as this RMS scatter — although partly systematica-fesv hundredths of

a mag arcseé and therefore comparable to profile measurement errossghiiice is reasonable and unlikely to lead us far astray.
Nevertheless, the need for this choicergf means that our error analysis is necessarily approximate.

The rest of the job is engineering. Th& minimum was determined with a simple grid search technicgieguthree steps of
successive refinement. Providing error estimates for thgicSparameters that reflect the fit quality in a meaningfuy veatricky,
because the errors of the three Sersic parameters can hglgtooupled. Then the usual marginalized ®rrors corresponding
to Ax? =1 around the minimum are misleadingly optimistic. We tthere decided to provide more realistic estimates for the fit
uncertainties, namely the sizes of the three-dimensionaitor ellipsoidsas projected onto the parameter ax@hese ellipsoids are
defined byAx? = 3.53 (Press et al. 1986, Chapter 14.5, “Confidence Limits omrased Model Parameters”). The two-dimensional
projections of the error ellipsoids are shown in the middieimns of plots in Figures 49—72. The corresponding parenggtors
are listed in the keys above the plots. Note that these acalesd directly by interpolation in thg? arrays, whereas the ellipses
are calculated “on the fly” by themcontouring code. As a result, the illustratgfiellipses do not agree perfectly with the (more
reliable) tabulated errors. Note also that extremely thid @longated ? “bananas” sometimes break up into isolated islands when
thesmcontouring program has trouble with the interpolation.

The error estimates listed in the keys aboveyhellipses in Figures 49— 72 are included in Table 1 and usedii@oalysis.

These error estimates are consistent with the results dftaange tests as discussed in §A.2.

A2. ROBUSTNESS OF SERSIC FITS TO CHANGES IN THE RADIAL FIT RSE

Two kinds of fits are shown in Figures 49— 72. Most illustraichow the adopted fit for each galaxy (e. g., top fit for NGC2447
in Figure 49). A few alternative interpretations with diéat radial fit ranges are included to illustrate specifiestfic points (e.g.,
bottom fit for NGC 4472 in Figure 49). These are discussedeneRt, but their parameters are not included in Table 1.

For the adopted fits but not for the illustrative fits, the tipland panels in Figures 49—72 test the effect of changiagther
radiusrmax Of the fit range from the adopted valtgaxadoptedlisted in the key of the large panel. As a functionr@fy/rmaxadopted
they show how the RMS residuals and the fit parameters (e)ghange from the adopted value (e./@.adopted listed above the
middle panels ok? ellipses. The outer end of the fit range is changed by onedtduliprofile point at a time, moving inward from
the outermost tabulated point past the adopted pisihdopted(frequently the same as the outermost point) and on towaedlem
r until the fit deviates drastically from the adopted one. Rarg choice ofrnax, a Sérsic fit is made and its results are illustrated .
The plotted error bars are the half-widths of t{reellipses corresponding for that particular fit to the onksitated in the middle
columns for the adopted fit. That is, the error bars take patancoupling into account.

Examination of the fit range tests shows that our adoptsit 8ts are very robust for almost every galaxy:

Sometimes the outermost data points (beyGigladopted deviate suddenly above or below the adopted fit and wouldghéhat
fit noticeably if included. But these points are very vulrsdego sky subtraction or flat-fielding errors. We includesthgoints in the
tabulated profile in part because they result in more réatistal magnitudes but also so that readers can see ourgoeafitulations
begin to fail where they get difficult. We have no problem isddirding these points from the Sérsic fits.

More fundamental issues are these:rf\g, is decreased, which wiggles in the composite profiles shaeléhclude in the fits?
Are the fits sensitive to these choices? How much can we stirenkt range and still derive reliable Sérsic parameters# iBhhow
much dynamic range in galaxy profiles is necessary for théaemt use of Sérsic function fitting machinery?

Also, do the fit range tests support our error bars?

The figures provide clear answers to these questions. Hitgedenith rmax = frmaxadopted< Imaxadopteddiffer by <1 o from the
adopted fits in to about = 0.50. More precisely, the limitind has a mean of.@8+ 0.03 (dispersion = 0.15) and a median of 0.50
(quartiles = 0.37, 0.59). For somewhat smailgsy, the derived parameters still change only slightly as diffe profile wiggles are
successively omitted from the fit. Of course rasxis decreased, the RMS gets smaller, because the progragglssuo fit fewer
profile wiggles. Also, the parameter error bars grow, beedlsir derivation is based on fewer data points. etchanges in the
parameters are consistent with the error bars given by thepael fit. This confirms that our error analysis is realistiea though
the profile fit errors are more systematic than randdo. conclusions of this paper are vulnerable to modest clewindgé ranges.

Eventually, agmax is decreased well below.® rmaxadopted the fits begin to deviate more significantly from the adopiads.
This is a sign that the dynamic range has become dangeragsimall; i. e., that a very few profile wiggles are “torquirth# fit
unrealistically. The degree to which this is a problem dejsesn Sérsio. That is, the dynamic range in profile data that are needed
for robust Sérsic fits depends anWe summarize both the dynamic range that we have in themtrdata and the reduced dynamic
ranges that gives fiducial errors in the Sérsic parametdtigure 73.



Structure and Formation of Elliptical and Spheroidal Gadax 61

C T T T T T T T T T T T ] — 23371+ 0.171 L A E
-0.2 - rms = 0.036 7] He - o 0.04 - o o= *
o . E _ +23.634 esccee® °
SRR S B S A L P R o T209.291 igs0 @ ¢ e 1
< ’ C ongee R °° . 1 _ + 0.314 < 0.02 —
C . . ] n o= 5992_ ¢3;
0.2 . ] L |
L y MR | y y y | y y y 1 M M PRI
T T T I T T T I T T T 6.4 _| T T I T 1T I T T |_ 0.00 o T T T T I T T T T I T T T 1
r 1 C ] 1.4 & 3
16 * NGC 4472 . 6.2 E 3 12F E
i minimum r = 3.526 arcsec | - 1 g : H“H+ + + ) ]
i : 1 < s6of 4 Zof M1t 24- 4 b
i = o ] N - =
L maximum r 877.010 arcsec | 58 [ 3 > 0.8 E E
18 a E 0.6 -
o 5.6 TR BETET B E . v v oy by oy g
—_ o 240 260 280 0.0 0.5 1.0
o~
Y L r. (arcsec)
8 20 + 6.4 — 1] r ™
C ] 3 o .
o i r . 3 . p
<] L 6.2 - = g F 3
g B 6.0 :_ _: 3:: L. -
e 22 “r ] | r ]
< - 5.8 F = . C ]
* I F 2 2 i
L 5.6 ——+—+—+— - —
24 - 1 s 3 E
L r b ] E 1
i 280 I ] g 'er E
C 1 @ = =
i 260 ] N = 3
26 — : : \." E E
1 1 1 240 L I 1 I 1 ] E 1 3
0 23.2 234 236 0.0 0.5 1.0

u, (mag arcsec=?) Fmox/ Tmox.odoptea

— —— T - 23069 * 0179
—02 [ \ rms = 0.031 e - 0143
C .

+22.131
259.180 22131

Ap
o
o)

I
|
|
.l
|
|
|
|
|
<
..|
.*..
re
Lo
:r
I.

M
——
.|...I...|.

1

b SF BERICErRS &%
B R P R
—t —— —— —t A
5.6 |- —
15 = NGC 4472 ] o ]
| - s2 F 3
L minimum r = 38.100 orcsec | c r ]
maximum r = 877.010 arcsec 4.8 | 3
A I
— i 240 260 280
‘T(‘_) i r, (arcsec)
8 C T T T T 7]
© 20 . 5.6 - E
o C ]
o i 52 —
o c C ]
£ | 48 F 3
3 C ]
1 4.4 — ! ! ! ]
. 280 =
T o E 3
2 : E
25 - 2 E E
S 260 - E
- é
hd 240 E 1 1 1 1 E
0 6 23.0 23.5
ri/+  (arcsec'/*) e (mag arcsec?)

FIG. 49.— Sérsic (1968) function fits to the major-axis profileNgEC 4472 (also fits to NGC 4458 and NGC 4459, for comparisotheabottom). This figure
and the ones that follow show all known elliptical-galaxymteers of the Virgo cluster in order of decreasing lumingditifowed by our spheroidal galaxies, also
in order of decreasing luminosity. In this and the followiigures, the large panel shows the fit (solid curve) to the leraBed in all calculations; it is the average
of the individual profiles illustrated in Figures 11 — 29, &scdssed in the text. The top-left panel shows the devistadrihe profile from the fit and lists the RMS
deviation in magnitudes. In both panels, the fit range is shbyvertical dashes. The fit parameters are listed in the lmigidthe top. The small panels in the
middle show the three-dimensional s1x2 contours projected into two dimensions. They illustrai parameter coupling. Appendix A shows two kinds of fits,
the adopted fits for all galaxies (e. g., at top) and, for soaiaxies, one or more additional fits that are designed tstitite specific astrophysical issues discussed
in the text (e. g., bottom fit here). For the final fits but nottfee illustrative fits, the right-hand panels test the eftéethanging the outer radiugax of the fit range
from the adopted valugnaxadoptedlisted in the key of the large panel. As a function @fx/r maxadopted they show how the fit RMS and the fit parameters (..,
change from the adopted value (€.1g.adopted listed above the middle panels. The NGC 4458 and 4459 pgdfile discussed in § 10.3, Footnote 11.
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FiG. 50.— Sérsic function fits to the major-axis profile of NGC 848187). The layout is as in Figure 49. In somgé-contour figures here and on the following
pages, themcontouring routine has difficulty with the thinneg? contours. They are plotted as distinct “pearls” but of cewase continuous. The contours also
are approximate when they have sharp, pointed ends. Thaeoedimarily largen value in the upper fit may be due to the inclusion of a low-sigfarightness cD
halo. At the bottom, we illustrate a plausible fit over a seraladius range that excludes such a halo.
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Fic. 53.— Sérsic function fits to the major-axis profiles of NG®22top) and an illustrative fit to the inner part of the profile of NGB82 (otton). The
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FiG. 54.— Alternative Sérsic function fits to the major-axis fileoof NGC 4382. The layout is as in Figure 49. The top panetsvsa fit to the inner and outer
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overall fit, giving triple weight to the points at 20X r < 552’ to ensure a good fit at large radii.
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FiG. 55.— Sérsic function fits to the major-axis profile of NGC 863 he layout is as in Figure 49. The adopted fit is at the tope RMS residual is slighly
larger than normal, mostly because of a profile wiggle thaeistered at'/4 ~ 2.8. The form of the wiggle (the model is too bright just insitie above radius and
too faint just outside this radius) suggests the possititiat NGC 4636 may be a bulge-dominated SO0, i. e., a face-@mowveof NGC 3115 (Hamabe 1982, Fig. 5a).
Therefore, the bottom panels show a decomposition into sicStmction bulge plus an exponential “disk” representgdte upper and lower dashed curves,
respectively. Their sum is the solid curve. It fits the obedrprofile marginally better than does the adopted pure Stisbut the difference is not significant.
In particular, the wiggle in the residual profile is not muelduced by the decomposition, because it happens over sesmaallus range than the exponential can
accommodate. Thus there is no compelling evidence that N&36 & an SO. In any case, the “disk” in the lower fit contrilsubaly 8 % of the total light, so the
bulge parameters given by the decomposition are almosathe as those given by the adopted fit (see the keys).
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FiG. 56.— Sérsic function fits to the major-axis profile of NGC 25%he layout is as in Figure 49. The adopted fit (top) has agnitan-normal RMS residual
and a slightly concave-upward residual profile. It is pdssthat too much of the core region was included in the fit. €fae, the bottom fit uses a restricted
radius range; it results in smaller and non-systematiclveds. The resulting core-within-a-core structure isigniing but highly unusual. This fit may be an
overinterpretation of the profile wiggles. We therefore gtdbe top fit. The bottom fit is discussed in 8 A3 and used in féigi4. Note that, at absolute magnitude

Myt =-21.66, NGC 4552 is the lowest-luminosity core elliptical in ¢r.
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FiG. 57.— Sérsic function fits to the major-axis profiles of NGQa&igand NGC 4459. The layout is as in Figure 49. In larger sasnplere and power law
galaxies overlap in luminosity and NGC 4621 is in the overtegion (Faber et al. 1997). More accurate individual distarbased on surface brightness fluctuations
imply a luminosity such thain the Virgo clusterthe separation between core and extra light elliptical®ituitously clean. AMyt =-21.54, NGC 4621 is the
brightest extra light elliptical in the cluster. NGC 445%taprominent dust disk betweer- 1" and 96 (e. g., Sandage 1961; Sandage & Bedke 1994; Ferrarese
et al. 2006a); it is easily identified in the profile and hasbemitted from the fit. The outer part of the galaxy is a vernanl&érsic function witim < 4 and no sign
of an SO disk. With respect to this fit — and in spite of any dbsbaption — NGC 4459 clearly has extra light near the center.
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FiGc. 58.— Sérsic function fits to the major-axis profile of NGC 84The layout is as in Figure 49. NGC 4473 is a tricky case. dtrutically illustrates the

danger of purely “operational” analysis — in this case, tlsggiares fit of a Sérsic function that minimizes profiledeals — without taking other observations and
their physical implications into account. The top fit looleghilingly good, better than the bottom fit. If it were adaptere would conclude that the galaxy has a

core and a Sérsic index> 4. However, we adopt the bottom fit. The reason is that SAUR®Servations show that the galaxy has a counter-rotatingedddal

disk (Cappellari & McDermid 2005; Cappellari et al. 20040Z0see § 9.5 here). Figure 5 in Cappellari et al. (2007) shioatthe counter-rotating disk is important
from small radii out tar ~ 19" (that is, tor'/4 ~ 2.1) but not at larger radii. We therefore fit the profile from 23”7 outward, excluding the counter-rotating disk.
The inner edge of the fit range is determined by where theualsidrom the outer Sérsic fit start to grow large, but theycargsistent with the Cappellari results.
We also include three points near the center to providel#yatu the fit. Since stars in the embedded disk pass in frothe center, the surface brightness there is
higher than that of the main body of the galaxy. Thereforérhe Sérsic index is smaller than the valney 4.0+ 0.17, that we derive. To illustrate this, we show

in Figure 59 a decomposition of the profile into a Sérsic fiamcmain body and an exponential fit to the extra light.
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FIG. 59.— Thetop panelsshow a decomposition of the major-axis profile of NGC 4478 ant inner exponential fitted to the extra light (in esserfvecbunter-
rotating disk) and an outer Sérsic function. The parametttie main body of the galaxy are almost unchanged from tha fligure 58, buin drops slightly
below 4, as expected. This decomposition is directly coaigarto the Hopkins et al. (2008b) decomposition reprodizé in Figure 44. It gives a fractional
contribution of the extra light of 9.1 %, compared with 15 % fioe brighter and shallower disk fit by Hopkins. Thettom panelshow our Sérsic function fit to
the major-axis profile of NGC 4478. The layout is as in Figude 4
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FIG. 62.— Thetop panelsshow our Sérsic function fit to the major-axis profile of NG@8A. The extra light is a particularly obvious nuclear disédcted by
a strong dust lane (see Figure 20 here and Kormendy et al) #t5roduces the kink in the profile at1’’. Thebottom panelshow a Sérsic fit to the major-axis
profile of NGC 4515. This is superficially an excellent fit, vémall RMS deviations over a large radius range and a caalorienbination of an apparent core

(albeit with an unusually steep profile) and a Sérsic index4. However, we do not adopt this fit. The reasons — and our eddjtt— are given in Figure 63.
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FIG. 63.— Thetop panelsshow our adopted Sérsic fit to the major-axis profile of NGCHbBiLour sample, this galaxy is the trickiest one to interpieis
similar to NGC 4473. The ellipticity and, profiles show the signature of an extended nuclear disk gAig.But this disky central region shows almost no rotation
(Vrot < 20 km s1), a moderately high velocity dispersionr & 90 km s1) and hence an unusually low ratio \ét/o for a low-luminosity elliptical (Bender &
Nieto 1990) It would be interesting to look for counteratdn. Given this situation, we are not persuaded by therfiojadly excellent fit in Figure 62. Instead,
we adopt the top fit here, which omits the central disky stmectls this reasonable? For an answer, we resort to the raki®profile pottom panels In all of our
other galaxies, the major- and minor-axis profiles consttdoth given < 4 or both given > 4. The minor-axis profile of NGC 4515 confirms thet 4 and that
extra light is detected. For this reason, we adopt the irgémpon in the upper panels.
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FIG. 64.— We use NGC 4464 to illustrate the robustness of ourcehai the inner end of our fit range. That is, we use it as an elaofhow including extra
light in the Sérsic fit produces systematic residuals thetiancceptable. ThHep panelshow our adopted fit. In it, the upward residual produced byetktra light
appears to start quite suddenly interior to the minimumusdi’ 44 used in the fit. But the change in curvature of the actudilpris subtle. Could we extend the
fit to smaller radii? Thédottom panelshow that the answer is “no”. If we add additional profile geimward to @ 40, the resulting fit — while not extremely bad —
has residuals that are substantially larger than our meamnt errors. More tellingly, the residual profile still slsoa strong kink at 24, and it is systematically
curved in a way that implies that we have included extra lighhe fit. Therefore this fit is not acceptable. We emphasiedrnportance of the high accuracy and
dynamic range of our profile data. Without it, we would be miegs sure that the upper fit is valid while the lower fit is non e other hand, note that our
scientific conclusions that < 4 and that there is extra light are robust enough to be eviddrtth fits. Also, the parameters derived from the bottom ditila not
significantly change our fundamental plane parameter letiwas (Figures 34, 37, and 38).
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FIG. 65.— Sérsic function fits to the major-axis profiles of NG@@B and VCC 1871. When the well known double nucleus of NGGBA@ auer et al. 1996)
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=-16.44 and-15.53, respectively,



80 Kormendy et al.

— T Te&T T T [ T T T T T + 0.036 L N
C s E M, = 22.330 ©
-0.2 - . rms = 0.0263 . e 0.038 0.04 | ]
r . w ] r, = 24.746 7 0433 ” L |
o onnonn e ISt I -
C ] + 0.081 02 = -
ook 1 n = 1.401_ 5057 | oo |
VA — ’#ooo'
— e Raaaa 0.00 F ]
F . b 1.45 |- - 1.4 =
16 NGC 4482 = - ] 20k E
: ° minimum r = 7.960 arcsec : c1.40 ] C§ 1.0 f----¥Y c0e0e® . PO =
L . moximum r = 107.800 arcsec X 1 Y osf 3
18- P 7 1.35 [ | | & 0.6 | | 3
— r 7 24.4 248 25.2 0.0 0.5 1.0
(\'; re (CII'CSQC) rmox,udopied
g L T I T T T T ] o L T T T I T T T ]
3 1.45 = £ 05 E
o C ] 3 ¥ ]
o C ] 3 L ]
g c1.40 - - 3 00 [ P TR L L EREEEEE @ cooinaen -
- C ] | L ]
B 35 F | 4 <L-o0s5fF | | .
5.2 F~—f—+—+—++ T
— F E o 4 E =
o E ] 212k 3
a e 3 s TE ]
8248 o ] S 1.0 LTS T EEEREE L REEEE -
o F E - F E
~ F ] ~ 08¢ E
244 | = 0.6 F | | =
22.3 22.4 0.0 0.5 1.0
ri/+ (arcsec'/*) U, (Mag arcsec2?) M mox/ Trox.odopted
L [ s s B s s B S S _ + 0.076 L e e L
N . e M, = 22.726 °
-0.2 |- rms = 0.0350 ] ° 0-071 0.04 |- e
- . LN ]
3 u o, et ] r, = 218827 8%; o r PURTL A ) 1
T 00— —m T T ey T T et et T ] §002_a." _
C . ] n = 1541 %0072
r o 241 _ 0067
0.2 — i T
P N N RN BN B N R
16 T T T |.| T T T T I T T T T I T T T T I T T T T I T T _||||||||||||||||_ 0.00 o T I T T T T I T T T 1
- . 1 1.60 |- 3 T4 F E
| . VCC 1087 | r ] % 12 B =
L .: minimum r =  0.530 arcsec | c1.55 | - C§ 1.0 ;— HH{“—*-‘*.‘.’.‘”‘ ------ —i
18 .-‘ maximum r = 50.420 arcsec | F E } 0.8 F 3
L . | 1.50 | - 06 E E
. T AT T T E P R B
—_ r . ] 21.522.022.5 0.0 0.5 1.0
'Q . I'e (CII’CSQC) rmax/rmox,odop!ed
8 :l T I T T T T I: n T T I T T T T I T T T ]
I 1.60 ] g 05 ]
o] C ] ] 1
S s ] K 1
° c1.55 F 4 2 oo fiiryee 2 R R =
£ . ] #HHH“ AR
- E ] | ]
3 1.50 ] ®_0.5 W -
i R 3 PR T T R R R RN
AN B i L L T
?22 5F — 3 E
b E ] s 1.2 3
0220 F 3 B 1ol @ 3
5220¢ {1 &0 ey
S 1 N o8 # E
L021 S -] & 0.6 E
N B B R B B Shel N ) R B B
0 0.5 1 1.5 2 2.5 22.7 22.8 0.0 0.5 1.0
ri/+  (arcsec'/#) u, (mag arcsec~?) " rmox/ Timox.odopted

FiG. 68.— Sérsic function fits to the major-axis profiles of NG@24nd VCC 1087, the brightest spheroidal galaxies in oupsanThe layout is as in Figure
49. Spheroidals show signs of more complication in theifil@®than do ellipticals. The inner part of NGC 4482 outside prominent nuclear star cluster is
not fit by a Sérsic function. The fits for VCC 1087 (this pagef; 1355 (Fig. 69), and VCC 1407 (Fig. 71) show features sintdathose of the “Type II”
exponential profiles discussed by Freeman (1970). OurSHisihave excellent to good, small RMS residuals. But thédilprdata are accurate enough to show
subtle systematic curvature in the residuals. The formettirvature is such that a Sérsic function witslightly highern would fit better at large. But then the
inner profile outside the nucleus would drop below the inwextlapolation of the outer Sérsic fit, exactly as in a “Typexponential’. This is a subtle similarity
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FIG. 69.— Sérsic function fits to the major-axis profiles of theeidal galaxies VCC 1355 and VCC 1910. The layout is asguiféi 49. VCC 1355 shows a
hint of “Type 1l Sérsic function” behavior (see the capti@Rigure 68).
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FiG. 70.— Sérsic function fits to the major-axis profiles of theapidal galaxies VCC 1431 and VCC 1545. The layout is asguiéi 49.
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FiG. 71.— Sérsic function fits to the major-axis profiles of theespidal galaxies VCC 1407 and VCC 1828. The layout is asguiéi 49. VCC 1407 shows
a hint of “Type Il Sérsic function” behavior (see the captimnFigure 68). WithMyt =-16.71 and-16.61, respectively, these galaxies have almost the same
luminosity as M 32 iyt = —16.69), but they have much lower Sérsic indices and centrahserrightnesses.
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FIG. 72.— Sérsic function fits to the major-axis profiles of theapidal galaxies VCC 1185 and VCC 1489. The layout is asguiéi 49.
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FiG. 73.— The left panels illustrate the dynamic range of thdilerpoints used in our adopted Sérsic function fits; red ygoéme for core ellipticals, blue points
are for extra light ellipticals, and green points are forespidals. The right panels illustrate the reduced dynamamge that would, with the present, high-quality
profile data, give Sérsic parameters that differ from ourpéetb ones byA(ue) = 0.2 mag arcse@, a factor of 1.12 ire, and a factor of 1.10 im (see text).
Upward-pointing “error bars” end at the minimum dynamicgamequired to give Sérsic fits that agree with our adopted améo. Downward-pointing “error
bars” end at the dynamic range required to give parametatsgiiee with our adopted onesAq.e) = 0.40, a factor of 1.24 ime, and a factor of 1.19 in. The top
panels show the faint limit of the surface brightness rangtuiled in our fitslgft) or required forA(ue) < 0.2 mag arcse@ (right). The middle panels show the
surface brightness range of the profile data used in ouréity ¢r required forA(ue) < 0.2 mag arcse@ (right). The bottom panels show the corresponding ratio
of the radius of the outermost profile point included in thedithe radius of innermost profile point included in the fit.eTiight-hand plots provide conservative
criteria by which users of Sérsic functions can judge whethe dynamic range of their data is sufficient for robust ftse(text for caveats). Approximate target
dynamic ranges are indicated by horizontal dotted linesdem®nd somewhat on Sérsic index. For exampilieldle-right panél, for giant, core galaxies, which
generally haven > 4, it is almost always safe to have a surface brightness rahg§® mag arcseé from just outside the core, where the fit becomes acceptable,
to large radii, where the fit stops being good and/or wheressibraction becomes a problem. In contrast, Sérsic fits agmore benign when < 3.5, and
progressively smaller surface brightness or radius raagesufficient, always assuming that the profile data are dmgtugh in quality. One could choose a target
dynamic ranged v that decreases with We adopt the simpler approach of notirpfted ling that Apy > 5 mag arcse? is essentially always safe.

Figure 73 (left) summarizes the large dynamic range of oseolations. Our Sérsic fits generally reach 25— ¥7rBag arcse@.
In many cases, the fit range extends to the faint limit of owtpimetry; in some cases, it ends where sky subtractionsaior
overlapping objects affect the profiles. The Sérsic fumctémost never fails dramatically to fit low surface brigtgses. NGC
4406 is the main exception, but the outer profile may be aftebl tidal shocking, or our measurements may be contancifigte
the bracketing galaxies. The ranges of surface brightsgha¢we fitted are shown in the middle-left panel, and theesponding
radial fit ranges are shown in the bottom panel. The inner éedah fit range is chosen to be where “missing light” in comesxtra
light above the outer Sérsic fit becomes significant. The gataxy with the unusually smal\ ;s adoptediS NGC 44086, as discussed
above. Nevertheless, the inner part of the galaxy is an lexte3érsic function, and fit uncertainties do not affectiaterpretation
of fundamental plane correlations. The same is true of NG&48on-equilibrium structure diagnostic of a not-yetasedd merger
remnant create wiggles in the profile that can be fitted inoueriways (three Sérsic fits are shown in Figure 53 and 54) heut t
plausible ones — the ones that fit large radius ranges — leoth fhe derived parameter correlations. Our efforts to dengecurate
profiles over large radius ranges have paid off in robustrpaters that allow confident interpretation of the paramaerelations.

As a tool for users of Sérsic functions, we provide in FiguBgfight) three summaries of the dynamic ranges needed $otofit
the present data to give various fiducual parameter errdngy @epend somewhat on Sérsic index, which is not knavpniori.
However, the dependence aiis weak enough so that a sufficiently good value can be deviiida preliminary fit. Therefore, we
plot results as functions of. There are two regimes. Fits that have 3.5 are very robust; a modest dynamic range is sufficient, and
limitations on the fit come mostly from data quality and froeciions about the fit range and not from insufficient dynaeange.
On the other hand, wham> 4, the fit is unstable and a generous dynamic range is negassader to get reliable results.

Quantitatively, the right panels of Figure 73 were cons¥d@s follows. From each fit range test (Figures 49 —72), werhéned
the maximum fit radiusmaxim at which the fittedu, differs from the adopted value by (say) ®2nag arcse@. Since the fits tend to
preserve the total magnitulle= ;.—5 logre + constant, an error ipe of A(ue) = 0.2 mag arcse€ should correspond approximately
to A(logre) =0.04, i. e., a derivegjim = 1.10r¢ adoptedOr Felim = (1/1.10)re adopteadepending on the sign df(w.e). The fit range tests
confirm that the parameters are coupled in this way: rematiegign ofA(ue), the actual mear: rejim /readopted™>= 1.119+ 0.004
(¢/+/36). The corresponding error mis < Njm /Nagopted> = 1.096+0.010 (7/+/36). These are the plotted points in the right panels
of Figure 73. They show the fit ranges required with our dat@2@®% errors in effective brightness, 12 % errors in effectadius,
and 10 % errors in Sérsic index. Tké ellipses tell us that the errors are coupled so that fajat@orresponds to largeg.
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The points in the right-hand panels are plotted with “erramst to show the fit ranges required for two different choioBA (ue).
The “error bars” that point toward larger dynamic range stimswequirements fagte to agree with our adopted values to within our
error bars. These fits were discussed earlier in this sed@iorresponding error bars do not appear for many coreiebiist because
our errors inue are already larger than the fiducia(ue) = 0.2 mag arcse@ used for the plotted points. However, for extra light Es
and for spheroidal galaxies, the Sérsic fits are very robust,. errors are small, and disagreeing with our adopted fits by omé
error bar requires a larger dynamic range than disagresihgwr adopted fits byA(ue) = 0.2 mag arcse@. In Figure 73, the “error
bars” that point toward smaller dynamic range show the ¢gastquirements fofA (ue) = 0.4 mag arcse@. The corresponding mean
< Tejim/Teadoptea™> = 1.239+ 0.006 (/+/35) and< Nim /Nagopted™> = 1.189+0.025 (7/+/35). Only 35 galaxies are included in the
means because the formal errors on the NGC 4382 fits do ndt Gedenag arcseé before we run out of points inside the annulus
that was omitted from the fits. Again, the parameter coupipgroximately preserves the total luminosity of the Sétsiction fit.

In the right panels of Figure 73, the horizontal dashed lipes/ide conservative estimates of safe dynamic rangesrestju
to achieve the above parameter accuracies. The requirerdepend somewhat on Sérsic index. Rof 3.5, dynamic range
requirements are not severe, because smakrsic fits are relatively stable. A range of 5 mag arcsec v, corresponding to
a range of a factor of about 60 in the ratio of the largest mttiuthe smallest radius fitted is almost always safe. Givpit&y
amounts of extra light in the present galaxies, the abovweegatorrespond to a limiting surface brightness oW2fag arcse@.
Note that this is the limiting surface brightness to whice $ersic function still fits adequately; the data may reaol,(a some
of our galaxies, does reach) fainter surface brightnessehiah we no longer trust our sky or overlapping galaxy sattion. In
general, the dynamic range requirements for smajhlaxies are not difficult to meet. Largegalaxies are more of a challenge.
Sometimes a dynamic range of a factor of 250 in surface bragstis enough, but other fits are less stable, and a surigbéntass
range of 8.5 mag arcseds needed to make essentially all galaxies in the presentlsamave safe fits. This corresponds to a range
of a factor of~ 250 in radius.

We emphasizeDynamic range is only one requirement to get a good SérsiEdjtially important are the accuracy of the profile
data and the decisions that are made about which profile pamtnclude in the fit and which to omit because the are inttgat
as showing missing light or extra light at small radii, SOldisat intermediate radii, or sky subtraction errors at langalii. The
guidelines in Figure 73 are relevant only if the data are canaiple in quality to those presented here. Also, they aneguitielines;
for some of our galaxies, it is clearly sufficient to have ldgsamic range than the dashed lines suggest.

It is important to note a final caveat: One of the main conolusiof this paper is that Sérsic functions fit the major-axis
brightness profiles of Virgo cluster elliptical galaxiesyarkably well. If this proves to be less true of ellipticalsa wider variety of
environments — that is, if their profiles turn out to be moreehegeneous — then both the validity of Sérsic fits as armipsichinery
and the right-hand panels of Figure 73 as guidelines to requiynamic ranges are compromised.

A3. ROBUSTNESS OF SERSIC FITS: COMPARISON WITH CAON ET AL9@B)

We illustrate two examples of the robustness (or not) ofi€éits. Figure 74 compares our results with those of Caon ¢1883).
Appendix B compares our results with those of Ferrarese €2@06a).

As noted in § 3, Caon et al. (1993) were the first to establighrttportance of Sérsic functions. They fitBeband profiles of 52
early-type galaxies. The profiles were composites deriveth fdeep Schmidt plates and CCD images of the central regidmesy
had large dynamic ranges; only three Caon fits for galaxigiswie have in common do not satisfy the dynamic range reqeinésn
suggested in Appendix A2 (circled points in Figure 74). Thenparison of their major-axis values with ours shows excellent
agreement for almost all galaxies. The differenceswalues are very large for three galaxies and moderatelg fangthree more.
For two of these, Caon et al. (1993) had less dynamic rangevtbdound to be adequate. The rest can readily be understood:
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FiG. 74.— Comparison of our Sérsitindices (Table 1) with those derived by Caon et al. (1993)atb® core ellipticals Ked circleg and all 10 extra light
ellipticals plue circleg that we have in common. We have no spheroidals in commonhédgaknes point to our alternative fits as discussed in the @icled
points indicate that the Caon et al. (1993) fits had less djmeange than we found to be adequate for these galaxies fuotit sange tests.
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We have noted that NGC4486 (M 87) is a weak cD. As the fit rangecieased, more cD halo gets included, arldoks larger.
Our adopted fit uses a brightness range of9r@ag arcse® and gives = 11.8'15. An alternative fit in Figure 50 includes less cD
halo: the fit range is 6.0 mag arcse@ andn = 8.9'13. Caon et al. (1993) had a fit range of B%nag arcse€ shifted away from
the cD halo to higher surface brightnesses than those thét. ot surprisingly, they got a smaller Sérsic index; 5.36. We also
would get a smaller Sérsic index if we reduced our fit rangthéur

NGC 4406 has a profile that is very accurately Sérsic outtd 53’, the outer end of our fit range. Beyond this, the profile that
we measure turns up suddenly. If we included the upturn irffiguwe would get a largen. Caon et al. (1993) did this: they fitted
the profile out to 1 mag arcseédainter than we did. Our composite profile is based on tweediffit data sets that agree on the above
deviations. Including the profile upturn in the Sérsic fitulesin residuals that are not consistent with the accurdoypprofile.

For NGC 4552, the difference between Caon'’s fit and ours istéemaf interpretation. We cannot prove that one fit is betian
the other. But we can understand the difference. The relgidots in Figures 15 and 56 show that, for our choserer end of the
fit range atr = 1”728, the residuals look systematically concave-up fréfh= 1.6 (r = 6/’5) outward. The residuals are systematic
(all data sets in Figure 15 agree) and they are larger thamg®e But they are not outside the range of what is reasonaltie
choser = 128 as the inner end of our fit range because we wanted to fit ak ofube galaxy light as possible. However, it could
reasonably be argued that we should have chosen a largenamnradius. If we choose=5!'5 (bottom fit in Fig. 56), then the
residuals no longer look systematic, the total RMS is reddicam 0.0774 to 0.0474 mag arcs&candn = 1375333, This value is
at the end of the dashed line from the NGC 4552 point in Figdrdtagrees exactly with Caon’s value. This is, in fact, akatow
they got their value: theB-band fit range corresponds to about 17 — 36/hag arcse® in Figures 15 and 56, i. e., essentially our
modified fit range. No conclusions in this paper would sigaifitty be changed if we adopted the modified fit range. The fonahdial
plane correlations would have slighly larger scatter, batdistinction between E and Sph galaxies would look stroriges derived
amount of missing light in the core would be substantialtgéa, suggestive of rather more thar8 dry mergers.

NGC 4459 is deviant in Figure 74 because Caon et al. (1998)firts of the inner profile that we, with our more accurate
photometry, can confidently recognize as extra light. Thahie outer profile that we derive robustly mes 4. Including extra light
as Caon did would increasgo be greater than 4 as Caon found.

NGC 4473 is tricky because of the embedded counterrotatithg @urn is essentially fixed by our choice to include a few central
points in the fit. We did this for reasons of stability: othésevsmall wiggles in the outer profile render the fit unstaldeause
then the fit range is too small. Given the precise fit range @hdxy Caon et al. (1993), the slightly smallethat they derive is
understandable. Their value is plausible; we noted edHarour value ofiis an upper limit.

These few differences have taken a disproportionatelglatgnber of words to explain. In fact, the agreement betweam®&
results and ours is excellent. Note that differences aresumlly the result of dynamic range problems. Most diffeemresult from
different choices of which profile points to fit, consisterthwthe discussion in the previous section.

We used the Caon profiles for some of our galaxies, usuallywaieehad problems with other data that we wanted to check. W/e di
not systematically check all Caon data against our own. We vndially reluctant to use their data, partly becauseBlimandpass is
bluer than most others used in this paper and partly bechasmiter profiles in Caon et al. (1993) are based on photogrpjates.

In retrospect, Figure 74 shows that we were too conservatoler gradients are less important than sky subtracti@mertainties at
large radii, and the quality of the Caon et al. (1993) photioyrie generally very good.

APPENDIX B
COMPARISON WITH FERRARESE ET AL. (2006A)

Ferrarese et al. (2006a) present photometry of 100 egplg-gyalaxies in the Virgo cluster obtained with the HST as phthe
ACS Virgo Cluster Survey (Coté et al. 2004). Their data réidncand ours generally agree to the extent that we can check;t
e.g., theirg—z colors and ours agree well (§6.3, Equation 4). Their papdrans also agree on some results. E.g., in some
galaxies, they find central light excesses, although thiyteam “nuclei”. Most significantly, Ferrarese et al. (2@0@&lisagree with
both dichotomies that are the focus of this paper. Sincesttiehiotomies are our most important results, we concentrathem.

Bl. THE E-SPH DICHOTOMY

Ferrarese et al. (200€a, astro-ph/0602297 version) agaias the E— Sph dichotomy: “Once core galaxies are remalvearf
and bright ellipticals display a continuum in their morptgical parameters, contradicting some previous beliefsttie two belong
to structurally distinct classes.” Thus they echo paperewed in §2.1. They consider this to be a solved probleme $tructural
dichotomy between dwarf and regular ellipticals as adwxtal Kormendy (1985b) was likely the result of observatidiases.”

We disagree. Figures 34 —38 provide strong confirmation®Bh Sph dichotomy, and Figure 41 illustrates it also. Kordyen
(1985b, 1987b) had few galaxies in the magnitude ravige- —16 to-17 (with the present distance scale) where the E and Sph
sequences overlap, but the sequences were far apart amginlgvéom each other where they approached this magnitadger.
The problem was not sample bias but rather (i) the lumindaitgtions (faint Es and bright Sphs are rare; Sandage e9&b)land
(ii) spatial resolution (except for M 32, tiny ellipticalsane so poorly resolved with ground-based photometry thegt tiould not be
plotted in the parameter correlation diagrams). With HS&,0an observe M 32 analogs in the Virgo cluster well enouglohges
both problems. Figures 34 — 38 have many galaxies in the E -oSgutap region.

Moreover, far from being biased in favor of finding the diamoty, our present sample is biased in favor of spheroidatsattea
similar to small ellipticals. This was deliberate: we taegegalaxies near the E — Sph transition because we wanteubtowhether
there are intermediate galaxies. Figures 34 —38 show thatiaeeeded in mapping out the transition region: our Spixgalfgreen
square$ approach closer to the E sequence than do the larger saofflesrarese et al. (2006green triangleyand Gavazzi et al.
(2005,green crossgs Yet the E and Sph sequences remain distinct.
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Why did Ferrarese et al. (2006a) not find this result? Thezdtmee main reasons: (1) Our parameters measurements ege mo
accurate, because composite profiles give us larger radnges over which to fit Sérsic functions while minimizingtsysatic
errors at low surface brightnesses. (2) Ferrarese inclB8egalaxies without doing bulge-disk decomposition. WeasbBdarge-
bulge SOs in Fig. 37, but in general, we omit SOs, because weetba little leverage on the bulge parameters. Including\gthout
doing bulge-disk decomposition is certain to increase tla¢tar in the correlations. This makes it hard to distingtlie E and Sph
sequences where they approach each other. (3) Ferrards¢28i06a) observed spheroidal galaxies over only a 2 mageram
absolute magnitude, so they had too little luminosity lagerto see theequencef spheroidals in parameter space.

Figure 75 compares Sérsic parameters derived by Ferrarab€2006a) with our measurements. In many cases, the paeasn
agree well. This is particularly true of Sphs; they are sraall have smal, so they are are well observed with the small ACS field
of view. However, for some galaxies, Ferrarese’s paramselisagree with ours by much more than our estimated errors.
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FIG. 75.— Comparison of Sérsic parameters fitted by Ferraresle @006a) with our Table 1 values. The Ferrarese values arfe converted from mean axis to
major axis for consistency with our parameters. Alydaande values are converted ¥ band using Equation (3) arghz values from Ferrarese’s Table 4. The
symbols are as in Figures 34 and 37 —38. All of our parameteisde error bars excep$ and e for bulges. Most error bars are too small to be visible.
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Fic. 76.— Global parameter correlations for elliptical andespiidal galaxies using the galaxy sample, classificatiand, symbols of our Figure 34 but with
all parameters as measured by Ferrarese et al. (2006a)fidunis can directly be compared with Figure 37. The two maffedinces between our analysis and
that of Ferrarese et al. (2006a) are the treatment of thexgalample and the accuracy of the parameter measuremenits figure mainly tests the parameter
measurements, while Figure 77 also tests the effects ofleatifferences. Here, faint symbols show the parameteralaixges that are not in Ferrarese’s sample
but that are in our sample or in that of Gavazzi et al. (2008pat are in the Local Group. For consistency with these gegaX¥errarese’se values (their Table
3) have been converted from mean axis to major axis by digitiyn (1 - <e>)1/2, where<e> values are mean ellipticities from their Table 4. The cdioecis
approximate, because Sérgits not the same along the mean and major axes. This is insigmifexcept when > 4 and has no effect on our conclusions.

Fic. 77.— Global parameter correlations using the galaxy sarapt parameter measurements of Ferrarese et al. (2006#@rebli galaxy types are not
distinguished. These are (from top to bottom) panels dfrad,ac of Figure 116 in Ferrarese et al. (2006a) with our figtemtations and parameter limits to allow
a direct comparison with Figures 37 and 76.

In Figure 75, the very discrepant turquoise point is for tAg8laxy NGC 4318. Ferrareseis 128 fit includes the bulge and the
inner part of the disk shown in Figure 32. However, outsidelthlge, the disk is a well defined exponentiai(1.114+0.11). The
other large discrepancy for an SO galaxy is NGC 4489. Butitelsnumber of large discrepancies is not the main problem.

Figures 76 and 77 test how well Ferrarese et al. (2006a) cméddhe E —Sph dichotomy with their parameter measurements.
Figure 76 shows Ferrarese’s parameters but our galaxyifataiens. A comparison with Figure 37 tests the effect dfedences
between their parameters and ours for the same sample odeml®ne problem is immediately apparent. Ferrarese €@06a)
get e values that are 1 mag arcsédainter than we do for three extra light ellipticals (Figui®). Of these, NGC 4467 and VCC
1199, are M 32-like, faint Es that are especially importanEigures 37 and 38. Their small and (in our data) bright.e help to
define the extension of the E sequence toward more compaotigsl left of where the Sph sequence approaches the alptn
Figure 37. Our profiles are based on four data sets each frem tlifferent telescopes; they agree well (Figures 23 apcdd they
suppoprt robust Sérsic fits with RMS dispersions = 0.02 megea® (Figures 66 and 67). With Ferrarese’s parameter valuesethe
points lie close to the Sph galaxies in Figure 76, and thensite of the E sequence to the left of the Sph sequence isheisus.

Also, Ferrarese et al. (2006a) observed Sphs over only ightbst 2 mag of their luminosity function. Without the lurosity
leverage provided by the fainter Sphs used in Figures 34r&¥38 and shown in Figure 76 by the ghostly points, one ismito
conclude that there are separate, nearly perpendiiuar sequencesf E and Sph galaxies in parameter space. So the luminosity
bias in the Ferrarese sample contributes to their inaliditjistinguish the two types of galaxies. Neverthelessjgiby the ghostly
points, it is possible to see the main features of Figure JFidare 76. The ellipticals (blue and red points) define a A&mental
plane, and the Sph galaxies approach the fundamental ptajeciion in the top panel near its middle, not near its endfew
faint ellipticals would be misclassified using Figure 76t Barrarese et al. (2006a) could have found the distinctewéeen nearly
perpendicular E and Sph sequences using their parameters.
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(The same is true for Gavazzi et al. 2005. They argue agdiast t Sph dichotomy, but it is apparent in their Figure 10.eCor
ellipticals [theirdotted parallelogramisand faint ellipticals including M 32 define continuous laresequences in parameter space
that are clearly distinct from the sequence of spheroidatsflyopen circle)

Figure 77 tests the importance of omitting SO galaxies iuFéd’6. It includes all galaxies in Ferrarese et al. (2008singre
and e from their Table 3 and totaj-band magnitude from Table 4. Unlike Figure 76, it does net mean ellipticity to estimate
major-axis parameters; Figure 77 shows parameters formteafi axis” at 45to the major axis. That is, Figure 77 shows (from
top to bottom) panels df, af, and ad from Figure 116 of Fesmt al. (2006a). Comparison of Figure 77 with Figure 76 show
that the inclusion of SO galaxies further increases theesciat the E fundamental plane. Given this, and without guddefrom the
fainter spheroidals shown as ghostly points in Figure 76, étasy to understand why Ferrarese et al. (2006a) concthde& and
Sph galaxies are continuous in parameter space. Stilljritésesting to note that there are two partly distinct clafipoints — in
addition to the core ellipticals — in the middle and bottomgla of Figure 77.

In summary, we believe that there are three main reasons wimarese et al. (2006a) missed the distinction betweeptiedi
and spheroidal galaxies. (1) Their parameter measureraemtsomewhat less accurate than ours, increasing therscatite E
fundamental plane, especially at low luminosities. Use sihgle distance to all galaxies contributes marginallyhis effect. (2)
Inclusion of SO galaxies increases the scatter in fundaashpleine parameter correlations for two reasons, first sehulge-disk
decomposition was not carried out to measure bulge parasnated second because — even with decomposition — therecis leas
leverage on bulge parameters than on those of ellipticalkigs. (3) Since Ferrarese et al. (2006a) observed Sphigsiaer only
a limited luminosity range and did not include publishedgpaeters of tinier galaxies, they had too little luminoséydrage to find
thesequencef spheroidals in parameter space. In addition, they digolmtparameters at the 10 %-of-total-light radius, so they d
not see the much larger separation of the sequences in auer3g.

B2. THE E—-E DICHOTOMY

Ferrarese et al. (2006a) also argue against the dichotoralfigtical galaxies into “core” and “power law” types. Thenhost
compact statement is in the astro-ph/0602297 version: Widely adopted separation of early-type galaxies betweere’ and
‘power law’ types ... prompted by the claim of a clearly bimabdistribution of [inner profile slope] values is untenablesed on
the present study”. They then rediscover the dichotomydaséreaks in the surface brightness profiles from steepcSarstions
at larger radii to shallow power laws at small radii: “In agneent with previous claims, the inner profiles ... of eightred 10
brightest galaxies, to which we will refer as ‘core’ galaxiare lower than expected based on an extrapolation of ttee Sérsic
model, and are better described by a single power law modede Galaxies are clearly distinct in having fainter censtaiface
brightness ... and shallower logarithmic slope of the irmugface brightness profile ... than expected based on thepexation of
the trend followed by the rest of the sample. Large-scatéalproperties also set core galaxies apart ... .

However, cores have long been defined by many authors basedeoriral break in profile shape. As quoted in §9.2, the Abistra
of Kormendy (1999) begins, “Elliptical galaxies are divitiato two types: galaxies with steep profiles that show naksén slope
or that have extra light at small radii compared to a Sérsiction fit and galaxies that show a break from steep outerlpsatid
shallow inner profiles.” We use the same definition. The faat tlarge-scale, global properties also set core galagiest” has
always been central to descriptions of the E — E dichotomgy {{se papers listed in § 2.2).

The Nuker team also defined cores using the profile break: HAt'lbreak radiusty, (formerly called the core radius), the
steep outer surface brightness profile turns down into dashahner power law”I(r) o< r™ (Kormendy et al. 1994) whose slope
is observed to be ~ 0.1+ 0.1. Lauer et al. (1995) included the profile slope in the de€init“We now define aoreto be the
region interior to a sharp turndown or break in the steeprdutghtness profile, provided that the profile interior te threak has
~v < 0.3.” Including or not including a range of values in the definition has, it turns out, only minor effemtsones’s conclusions.
Our definition based only on the profile break and the Lauafsdion that includesy agree on most galaxies (§9.2).

And the distribution of central properties robustly showdicghotomy, even though a few intermediate cases are fouadh{&rdt
et al. 1996; Lauer et al. 2007b; this paper).

Ferrarese et al. (2006a) are confused by the Lauer et alb)t@dinition in part because they treat Sph galaxies agielis. They
state, “Although the brightest [ellipticals] have shallower profiles, the shallowest profiles are found in faint dwegistems.” We
discuss this point in §9.2. We agree that low-luminosity §plaxies have Sérsit~ 1, which means that their central brightness
profiles — outside any nuclei — satisfy thgart of Lauer’s definition. But most do not show a downwardkrigom the outer Sérsic
profile, soSph galaxies do not satisfy our definition of a colestead, these galaxies have almost-exponential profilat iadii,
highlighting again (see § 2.1) their structural similatityiate-type galaxies. Section 8 confirms that Sph galaxisaet ellipticals.
They should not cause difficulty in the definition of coresliipécals.

We emphasize another aspect of the E—E dichotomy which stiatdt has physical meaning. The existence or otherwise of
the dichotomy is not just about profile analysis. The distoncbetween core galaxies and extra light galaxies is aldistanction
between many global physical properties, including isaplsbape, the importance of rotation, hence also velocityiditions, and
overall flattening. The discoveries of many of these coti@ia were based on a successful application of the Nukemitefi of
cores (Faber et al. 1997). Ferrarese et al. (2006a) ignesethuccesses. We find additional physical properties tbgzat of the
E — E dichotomy, including stellar population ages anelement enhancements (§ 11.1).

Finally, we note that, when Ferrarese et al. (2006a) detdca éight, they consider it to be equivalent to nuclei. Thigynot
mention that Kormendy (1999) already detected extra ligltiaterpreted it as the central, distinct stellar compopeadicted by
the Mihos & Hernquist (1994) merger simulations. Since thtansission of this paper, C6té et al. (2007) have begun to tefextra
light” in low-luminosity Es and to interpret it in the contiesf the Mihos & Hernquist models.
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