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ABSTRACT

Context. Shells in Elliptical Galaxies are faint, sharp-edged fezgubelieved to provide evidence of a recen0(5—2x 10° years ago) merger
event. We analyse the Globular Cluster (GC) systems of &} shiptical galaxies, to examine théfects of mergers upon the GC formation
history.
Aims. We examine the colour distributions, and investig nces between red and blue globular cluster populat@esresent luminos-
) Aims. Wi ine th lour distributi di igafedd b d and bl lobular cl latige lumi
ity functions, spatial distributions and specific frequesdSy) at pc radius for our sample.
QO ity functi ial distributi d ific frequi 50 k dius f I
Methods. We present V and | magnitudes for cluster candidates measuite the vanced Camera for Surveys . Galaxy bac
O Methods. Wi Vand | itudes for cl did echuitl the HST Ad dc for S ACS). Galaxy back
(O ground light is modelled and removed, and magnitudes arsunea in 8 pixel (0.4 arcsec) diameter apertures. Backgreontamination is
removed using counts from Hubble Deep Field South.
o d usi from Hubble Deep Field South
E Results. We find that the colour distributions for NGC 3923 and NGC 588%2e a bimodal form typical of bright ellipticals, with pesakear
V—-1=0.92+0.04 andV — | = 1.18+ 0.06. In NGC 7626, we find in addition a population of abnormaliyinous clusters atl, = —-12.5. In
?‘NGC 2865 we find an unusually blue population, which may atsgdung. In NGC1344 and NGC474 the red cluster populatioraigmally
O detected. The radial surface density profiles are moreffiedit¢han the galaxy light in the cores. As already known, ir08@23, which has a
b high Sy of 5.6, the radial density distribution is more shalloweaarthhe difuse galaxy light.
(/) Conclusions. The clusters in NGC 2865 and NGC 7626 provide evidence fon&ion of a population associated with a recent merger.dn th
(D other galaxies, the properties of the clusters are sinul#ndse observed in other, non-shell, elliptical galaxies.
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Merger scenarios [(Toomre 1977;[ __Schweizer 1987;
Ashman & Zepf1992) in which the metal-rich GCs were
created in gas rich mergers. Since most star formation cedur
at early epochs, this means in general that the metal-rich GC
1. Introduction are also old. However, this scenario also suggests that GCs

In current galaxy formation models, most ellipticals haved" still .be forming today in MErgers. Th|§ is supported by
already formed atz > 2 (EIiS etal 1997, Peebles 2002;_observatlons of young cluster-like objects in current reesg

van Dokkum et al. 2004). It is unclear whether all globuldp action or possible merger remnants like NGC 4338

cluster (GC) systems were also formed at this early epogJWhltmore&Schwelzer 19950 Whiimore efal. 1999), NGC

or if substantial numbers are still forming today. An impor:-"’921 [Schweizer €13l 1996), NGC 7232 [Miller ef al, 1997),

tant diagnostic is the existence of bimodality in the colofdGC 1316 [(Goudfrooy etal. 2001, Goudirooy et al. 2001b;

distribution of GCs, present in many early type galaxie,g.ou,omooIJ etal. 2004), NGC 1700 and NGC 3610

(Zept & Ashman 1993 Whitmore et al. 1995). Generally thidhnimore ef al. 1997).

is explained as being due to metallicitfférences indicating g others models explaining bimodality are the accretion

two or more populations of GCs. Several theories have begRqe| [Coie et al. 1998) and the multiphase formation rhode

proposed to explain the origin of bimodality: (Forbes et al. 1997; Harris et al. 1998). In both models alsGC
* Based on observations made with the NABSA Hubble Space &€ old. The first model produces bimodality by accreting and

Telescope, obtained at the Space Telescope Science testitich Mixing metal poor GCs from dwarf galaxies with the more
is operated by the Association of Universities for Reseairch metal rich GCs of the massive host galaxy. Cannibalism by our

Astronomy, Inc., under NASA contract NAS 5-26555. Theseeobs own galaxy of the Sagittarius and Canis Major dwarf galax-
vations are associated with program GO9399 ies and their clusters (Ibata et al. 1995; Forbes et al. 2G0%th
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observations of large numbers of dwarf galaxies around giamical ages of the shell systems are).5 — 2 x 10° years
ant galaxies are cited as supporting this scenario. Thendec{Nulsen 1980] Hernquist & Quinn 1987). If we can detect a
model explains the bimodality as the result of two phases pdpulation of clusters then the age of this population wid-p
GC formation in the initial collapse and formation of a galax vide an independent estimate of the age since the merger, as-
The metal poor clusters, and a small proportion of the stasming that the same event produced both the shells and the
form in the initial gravitational collapse, then the metahr young clusters. In NGC 2865, one of our sample, Hau et al.
clusters and the bulk of the stellar component form from e(t999) find that the age of a nuclear starburst model for the
riched gas in a second collapse phase about one or two @gung stellar population in the core of this galaxy is muateol
later|Strader et al. (2004) argue that this “in situ” modeb& than the dynamical age of the shells, although they do find a
formation is in better agreement with their observationthef better correspondence between ages for a model involuing tr
correlation of the colours of the metal-poor populationghwi cation of ongoing star formation. In NGC 1316, Goudfrooij
galaxy luminosity. et al. (2001b) find a cluster system with an age & 80.5
A combination of these flierent scenarios is used in theGyr, consistent with the age of the nuclear stellar poporati
hierarchical merging model 6t Beasley et al. (2002), who uithe shell systems of both NGC 2865 and NGC 1316 are com-
dertook semi-analytical simulations of GC formation. listh plex, Type Il or 1l systems[(Prieur 1990) whereas the dynam-
model the metal-poor GCs are old and formed in cold gasl age estimates are more directly applicable to simpéseh
clumps, the metal-rich ones are created later in mergetgvemwrapped, Type | shell systems.
In the hierarchical build up of galaxies, accretion of GCEwi  Two techniques to investigate possible ageffedi
also take place. These simulations are able to reproduce ¢hees between fierent GC populations involve measur-
many variations in the colour distributions of GC systems oimg radial density profiles, and globular cluster luminos-
served in elliptical galaxies as well as the obserlzed Ny: ity functions (GCLFs). Radial density profiles generally
relation. show a flattening of the globular cluster density pro-
Recently, Yoon et al. (2006), showed that the apparent file near the centre, when compared with the profile
modality in globular cluster colours not necessarily irapla of the background galaxy light (Lauer & Kormendy 1987;
bimodal metallicity distribution. The nonlinear naturetbe [Capuzzo-Dolcetta & Donnarumma 2001). Mechanisms which
metallicity-to-colour transformation could cause a singld could cause a depletion of the cluster population near the ce
population with a unimodal metallicity distribution to lbdi- tre are dynamical friction, which causes clusters to sjirsb-
modal. This model is attractive because it gives a very smplards the centr¢ (Tremaine et al., T9/5, Pesce et all 1992), a
explanation for the observed distributions and could sifiypl destruction by tidal shocks as the clusters pass close tathe
theories of elliptical galaxy formation. However, the ohse cleus [Ostriker et al. 198P; Capuzzo-Dolcetta & Tesseri/)99
tions of recent GC formation, as mentioned above will likelfhis second process operates preferentially in triaxigémpo
sometimes disturb the predictions made by this model. tials, and on clusters on radial orbits. If we can identifyopp-
There are many examples of multi-colour and spectriation of younger clusters, created during a recent metigen,
scopic data for the GC systems of 'normal’ elliptical galaxhe density profile might extend further into the centre a&s th
ies, and these generally give old ages for both blue aadldisters have had less time to disrupt. However, this does de
red populations (M49[ Puziaetal. 1999, Cohen et al. 2003:nd upon the orbital structures to be the same, if one or othe
NGC 1399[ Forbes et al. 2001b; M&7: Cohen et al. 1998; NGipulation were on predominantly radial orbits, then thesild
1052 and NGC 733Z__Forbes efal. 2001a; and in a samphse a stronger flattening of the core.
of early-type galaxies: Sirader et al. 2D05). This is in castt The same process can lead to evolution of the mass func-
to studies of the well-known bimodality of the colour distion of the clusters and hence the GCLE (Fall & Rees 1977,
tribution of the GCs of the LMC|(Gascoigne & Kron 1952Gnedin & Ostriker 1997,/ Fall & Zhang 2001). Lower mass
van den Bergh 1981, 1991) which is primarily an age e€lusters are preferentially destroyed, leading to the lwedwn
fect, understood in terms to the evolution with time of clugurnover in the GCLF. A younger population would contain
ters in the colour-colour diagrarn_(Frenk & Fall 1982), pessimore low-mass clusters, and the GCLF should be closer to
bly combined with a relationship between age and metallicithe original mass function, which might be a power law.
(Battinell & Capuzzo-Dolcetta 1989, _Girardietal. 19990 Observations of young cluster systems such as NGC 1316
ellipticals, the majority of GCs formed at high redshift&5), (Goudfrooij etal. 200Ib) and NGC 7252 (Miller et al. 1997)
whichever formation mechanism is dominant. However it o show power law GCLFs.
important to examine evidence thagcentmerger events can  In this paper we analyse the properties of the GC sys-
produce enhanced populations of young clusters, as this pems of six shell elliptical galaxies using optical V and |
cess may have been much more important in the early univedata from the Advanced Camera for Surveys (ACS) on HST.
This study focused on a sample of elliptical galaxies withAlthough the observations were optimised to study the shell
faint stellar shells in their envelopes. Shells and ripjitesl-  structures rather than the GCs, the magnitudes, colours and
liptical galaxies|(Malin & Carter, 1980; Malin & Carter, 188 spatial distribution will indicate whether GC systems of/an
Schweizer & Seitzer 1992) are faint, sharp edged stellar fed the shell galaxies dlier from those of normal early type
tures in the envelopes of these galaxies which are the reinayalaxies. We will also provide data on three GC systems
of the stellar components of minor mergers in the companahich have not been studied before: NGC 474, NGC 1344 and
tively recent history of the galaxy (Quinn 1984). Typical-dyNGC 2865. The last galaxy is known as a recent merger rem-
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nant [Hau et al. 1999: Schiminovich 1995). The GC systemsrefspectively. The Johnson and Cousins magnitudes were cor-
three of our galaxies have been studied before (NGC 3928¢ted for galactic extinction using the values of Schlegel.
ground-based (Zepfetal. 1994; Zepf et al. 1995); NGC 598P998), which are listed in Table 1.

and NGC 7626, WFPC2 on the HST (Forbes et al. 1996). The

larger field of view and higher resolution of ACS will provide i

more detections and more complete knowledge of these Schata Analysis

systems. In this Section we describe how the globular cluster source
In Section 2 and 3 the observations and data reduction @egalogues were obtained and describe their charaatsristi

described, which include the detection and selection of tt@‘ms of photometric errors and Comp|eteneSS, which am® use

GCs, calculation of completeness levels and photometiyeof i, the further analysis of the data.

globular clusters. Section 4 presents the V-I colour distions

and spatial distributions of the globular cluster systeestion

5 describes the globular cluster luminosity function whigsh 3.1. GALPHOT

u;ed in_Sectior_1 6, where the spegific frequencies are cédclla|nformation about the morphology of the galaxies was ob-
Finally in Sections 7 and 8 we discuss the results and presgffeq by using the ellipse fitting task GALPHOT (see

the conclusions. Jorgensen et al. 1992); it returns information such astielip
ity, position angle, surface brightness and the C3,C44660S
2. Observations and Data Reduction efficients [Carter 19178), all as a function of radius. A galaxy

. . ! ubtracted residual image is also returned, which we used to
The six shell galaxies (see Table 1) were observed with tgﬁtract the GCs

ACS_WFC camera between July 2002 and January 2003 wit
the filters F606W (V) and F814W (1), with CBPLIT=2. The
ACS camera contains two CCDs of 2048 x 4096 pixels, ea
pixel having a size of @49’ pixel resulting in a field of view
of 202’ x 202’. Exposure times were on average 1000s, s
Table 2. The inner 8 pixels of NGC 474 and the inner 24 pix
of NGC 2865 were saturated in both V and I.

In the GALPHOT processing, background galaxies, point-
like objects, dust lanes, bright pronounced shells andiatdi
f9d data were masked out in an iterative way. Remaining faint
shell structures, having a brightness typically not moaath%o
Pthe galaxy light, do not severelyfact the final results. The
st fits were obtained by allowing the center, position @ngl
and ellipticity to be free parameters. In two cases: NGC 2865

_Standard rEdQCt'Oﬂ was Cimed OEXEXZGSIR’LS:SPD%S Iand NGC 5982 the central regions could not be subtracted in a
environment, using the packages and FyLrizzig,ner way, these regions correspond to circles with diarset

These are provided by the Space Telescope Science Instift or NGC 2865 and 24 for NGC 5982 respectively. Note
(STScl). CALACS processing includes bias and dark SUbtratFl'at the inner B” is saturated in the center of the latter galaxy.

tion, “?m‘?"a' of the overscan rggio_ns, flat _fielding and casmi Light profiles were obtained by plotting the surface bright-
ray rejection. The default pipeline is noffieient at removing ness for each fitted ellipse as function of radius. The outer

cosmic rays when the image is filled by a large galaxy. TO sol Sirts of the light profiles are severelffected by uncertainty
this problem we changed the value of CA.LACS pipeline pg; the determination of the background. It igftiult to deter-
ramgter SCALENSE from_ .0'3 to 0.0. Settmg SCALENSE Hhine a reliable background values from the ACS images them-
0.0 increases the probability of removing good stellar ?dataselves, since the galaxies fill the whole field. Fortunatfely,

However, this is only true for empty fields, which is not th‘ﬁve galaxies we found optical wide field data in the R band in

case for our data. The resulting images were further predes%e ESO archive of WFI@2.2m. The WFI camera has a field of
by PyDrizzle, which removes the geometric distortion of tl\ﬂew of 34 x 33, much larger than the galaxies

ACS optical configuration. Finally, after drizzling the iges, i 3
the IRAF package LACOSMIC [van Dokkum 2001) was used We used the ASTRO-WISE system

- . . Valentijn & Kuijken 2004) to reduce the WFI images.
to remove any remaining cosmic rays, which stiteated sev- ( g Wy %) u 'mag

eral hundreds of pixels in each image. The standard ACS pﬁ‘éfressu%ffgr;goi Sv(;nssganﬁiggig?ﬁ%ﬁdﬁlzlfcgobrgct er(;/l\j;lj
tometric calibration was used_(Sinanni et al. 2005) to obta ges, PP ) 9

) : ) values were determined by matching ACS light profiles to the
Johnson V and Cousins | magnitudes. The following transfq}'m:I light profiles. For thg galaxy v?/ithout \?VFIpdata NGC
mation formulae were applied: . '

5982, we extrapolated from the outer points of the imagegusin

V; = m(F606W)+26.331+0.340«(V—1) ,c—0.038«(V-1)3-(1) @lde Vaucouleurs (1948)/4 law. The calculated values for
the backgrounds are listed in Table 2. The final GALPHOT

lc = M(F814W)+25.496-0.014«(V-1)3c+0.015«(V-1)3c(2) results describing the morphology of the six galaxies wal b

. ted in a fut Sikk tal. i tion).
Here m(F606W) and m(F814W) are ACS Vega mstrumeﬁ-resen edin a future paper (Sikkema et al. in preparation)

tal magnitudes and V and | are in Johnson and Cousins systems
3.2. Globular cluster candidates

1 IRAF is distributed by the National Optical Astronomy

for Research in Astronomy, Inc., under cooperative agrééméh  gataction and photometry of globular cluster candidates
the National Science Foundation.

2 httpy/www.stsci.edihsyacgdocumentsewsletterstan0301.html 2 www.astro-wise.orgportal
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Galaxy RA (J2000) DEC(J2000) I b Ay A type my m-M d Dno o
mag mag mag mag Mpc Mpc Km

@ &) ©) “4) G ®& 0O 6 (9 10 1y @2 33

NGC 474 T20m06°.7 +032455’ 136.80 -5868 0.11 0.07 E? 11.39 3256 325 - 164

NGC 1344 828mM195.7 -31°0405" 229.07 -5568 0.06 0.04 E5 1041 31.48 221 20 187
NGC 2865 923"30°.2 230941 25295 +1894 0.27 0.16 E3-4 11.30 32.89 37.8 25 230
NGC 3923 1151m015.8 -284822" 286.53 +3332 0.27 0.16 E4-5 9.88 31.80 200 21 249
NGC5982 1538"3%°.8 +59°21'21” 93.10 +4692 0.06 0.04 E3 11.20 33.11 419 41 240
NGC 7626 2820m42°.3 +081302" 87.86 -4838 0.24 0.14 Epec 11.25 3341 482 46 270

Table 1. Properties of six shell galaxies. Data in columns 2-9 fronb&ts (1991). 1st column: Galaxy name; 2nd and 3rd
column: Right Ascension and Declination; 4th and 5th colugalactic longitude and latitude; 6th and 7th column: estton
codficients in V and | magnitudes from Schlegel et al. (1998); &tumn: Morphological type (throughout this paper we
assumed that NGC 474 is elliptical and not 50 (Hau et al.119%8)column: total apparent V magnitude; 10th column: SBF
distance modulusin |, corrected for extinctidn. (TonryleP@01).+: distance moduli taken from Roberts ef al. 7991 determined
from HI velocity data, corrected for galactic rotation amdtframe of the Local Group usirtdpy=75km/sMpc. 11th column:
distances adopted in this paper using column 10 excepCLF distances for NGC 1344 and NGC 3923, calculated ini@ect
5.2.; 12th column: Dr distances from Faber et al. (1989); 13th column Centraloiglalispersiono; typical errors are 10
km/s (HYPERLEDA') o: d(Dn-v) for NGC 2865 is probably wrong, since NGC 2865 exhibits amepression i due to

a rotating disk[(Hau et al. 1999). Extrapolating his data@giv=230kmn's (d(Dno)=34.7Mpc), much larger than the value used
by Faber et al.£=168knys).

@) @ ©) “4) ®) (6) )
Galaxy exp.V (s) exp.l(s) 80%V (mag) 80%Il (mag) bg.V (cnts)g. bcnts)
NGC 474 1140 960 25.74 24.78 203 129
NGC 1344 1062 840 25.81 24.76 94 47
NGC 2865 1020 840 25.85 24.78 146 109
NGC 3923 1140 978 25.59 24.47 170 103
NGC 5982 1314 1020 26.08 24.80 124 182
NGC 7626 1140 960 25.96 24.86 119 80

Table 2. Observational characteristics. 1st column galaxy nant@rzs3nd column: V and | exposure times in seconds, 4th and
5th column: 80% completeness levels in V and I, 6th and 7throat adopted background value in counts

(GCCs). SExtractol (Bertin & Arnouts 1996) was used for thidata with output data gives information about photometric e
purpose. The keyword BACKILTERSIZE was set to 5; the rors and completeness levels.

keyword BACK SIZE was set to the relatively small value of

24, to account for background variations caused by broalt she

regions, difracted light from bright stars, and dusty regions. 3.4. Completeness

We define completeness as the ratio of recovered objects di-
3.3. Photometry vided by the original number of added objects measured in a

particular magnitude bin. Figuk& 1 shows a typical resulhisf
Because we are analysing point like objects, the magnitagesyrocedure for the | band residual image of NGC 3923. On the
measured in fixed apertures, and we tested apertures with digorizontal axis are the input STARLIST magnitudes. The com-
eters of 4,6,8,10,12,14,16,18,20 pixels. The quality eftho- pleteness is plotted on the vertical axis. The horizontasiin-

tometry was analysed by adding objects to the residual imagfcate 50% and 80% completeness levels. The results for each
using the IRAF task MKOBJECT (the object was extractgghage are shown in Table 2.

from an ACS image and is a typical PSF object with a few thou-
sands counts at its peak). We did this 5 times, each time-intro . .
ducing 350 objects with a uniform magnitude distributionl an3.5. Photometric errors and aperture selection

positions (generated by IRASTARLIST. Catalogues were X Ihe photometric errors were obtained by subtracting in-

tracted by using SExtractor again with the same parameter : :
as before. The resulting catalogues in V and | were then gu% STARLIST magnitudes from output aperture magnitudes,

sociated, keeping only associations within positionabeel- Where extreme outliers (mainly due to false associatioms) i

. . Lo each magnitude bin were removed using 5x sigma clipping.
lipses of 1xXFWHM-2.4 pixels. Comparing input STARLIST Typical results, using the NGC 3923 | band residual image and

4 httpy//www-obs.univ-lyonZ1.fthypercat an 8 pixel aperture, are shown in Figlidle 2. The upper panel
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Fig. 1. Histogram completeness for NGC 3923 | band imagEig. 2. Photometric errors for artificial pointlike objects in the
using the gc-type object. Vertically: completeness rdtiari- GALPHOT NGC 3923 | band residual imagep: RMS errors
zontal scale: instrumental ACS magnitudes. Dashed lirgis inin magnitudes in each bifgottom: Off-sets from STARLIST
cate 80% and 50% completeness levels. artificial objects using an aperture of 8 pixels.

3.6. Selection of GCCs
shows RMS errors in magnitudes in each biff-gets from

STARLIST magnitudes are plotted in the lower panel. Th&/¢ made use of various SExtractor keywords to select the
magnitude errors depend on thefeient apertures in variousglobular cluster candidates. We kept all objects which have
ways: ELONGATION < 1.4 (keep round looking objects),.8 <

FWHM_IMAGE < 5 (removing most spurious objects and ex-
. tended objects) and FLAGS 0 (removing objects which are
— The rms-errors at the 80% completeness levels increasedpinjeq, saturated or placed near other bad pixels). Gbject
larger apertures: from 0.08 mag using a 4 pixel aperture,fdQner than the 80% completeness levels were also removed.
0.18 mag using a 20 pixel aperture. The remaining lists of objects in V and | were associatedgisin
— The measured magnitudes show systemaffeseis for ,gitional error ellipses o IFWHM=2.4 pixels, which again
each aperture; larger apertures give smalfesets. We as- remoyved many objects. The final source list was further edan
sume that the ffisets of the real data are the same in all @y \jsyal inspection of the residual images, thereby remgvi

our twelve images. _ . any false data, for instance bright galaxy cores, sourcegéd
— The df-sets vary within each magnitude bin; however thga,r porders or detections in spikes of bright stars. Fifure
variations are larger for large apertures. shows the distribution of the remaining objects.

Before using these data, we note that the source catalogue

Considering these three error sources leads to a optimisstill contaminated by two sources: foreground stars aoth
aperture diameter of 8 pixels, which was used in all remginiground galaxies. Below, an estimate of these numbers is.made
analysis. The photometric error 45 0.10 mag. near the 80%
completeness levels and the aperture correction is 0.26 mag Galactic foreground stars. The number of foregroundstar
Figure[2 shows an example using this aperture for the NGC depends upon galactic coordinates. Table 1 shows that
3923 | band residual image. NGC 2865, with the lowest galactic latitude of°18 likely

Before doing the photometry, we checked whether glob- 0 be dfected most by foreground stars. We estimated the
ular clusters are resolved in our galaxies. Table 1 showts tha humber of stars in each field by using The Besancon model
our closest galaxies, NGC 1344 and NGC 3923, have a dis- (Robin etal. 2003). We used the following input for the
tance of about 20 Mpc. At this distance, typical galactidoglo ~ model:

ular clusters, which have a half total light diameter of 6 pc - An error polynomiak a polynomial was fitted to our
(van den Bergh 1994), will have an angular size of somewhat rms-error curve (top panel in Figl 2) and given as input.
more than 1 ACS pixel. We conclude that most globular clus- — Magnitude limits= our 80% completeness levels

ters will be unresolved. — Field of view= ACS field size
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pleteness limits. Figuld 1 shows that we reach 100% complete
ness at these brighter magnitude limits. Another advantége
doing this, is that the photometric errors are smaller ase¢he
limiting magnitudes (0.07 magnitude instead of 0.10). The fi
nal V-1 colour distributions are depicted in the panels ajufe

A. The upper part of each panel shows the distribution ofotbje

in the colour - absolute magnitude plane. Here, the verdixisl

is absolute I-band magnitude, which was determined usiag th
distances listed in column 11 of Table 1. The lower part shows
V-I histograms with binsize 0.075 mag. In these panels the up
per, thin-line histogram represents the data, the lowékth
line histogram represents the residuals from the fits desdri

in SectioZ4.P.

The expected number of stars in the Besanc¢on catalogues is
very low compared to the number of GCCs and will not influ-
ence any conclusion drawn from the figures. In the NGC 2865
data, the galaxy at the lowest galactic latitude, there imalls

i SR R R S PRCAPLE L bump near V-1.6, which is also expected from the Besangon
0 WS ST S R T W WA NN R NN s A0 BT S S model The curves and thICk Iines are Gaussian fItS tO the hiS-
0 1000 2000 3000 400 1000 2000 3000 400® 1000 2000 3000 4000 . . . X

X [pixel] X [pixel] X [pixel] tograms and their residuals respectively (see SeEfidn 4.2)

RAARA R AN RS RARA N RN RN R REREAESRRRE T ™
-+ ngcl344 .

[T
L ngc474 .
4000 - - ¢

T I
+ ngc2865 | | .
— o et s,

3000 . ™

Y [pixel]

2000 [

2000 e Ll

4000 [+,

3000

Y [pixel]

2000

1000

Fig. 3. Location of globular clusters, using ACS pixel coordi- o
nates (pixelsize- 0.05 arcsec; the open square represents the- Components of the colour distributions.

ter of th laxy.
center ot the galaxy Inspection of the histograms in Figul® 4 suggests that the

colour distributions of GCs for NGC 3923 and NGC 5982 have
— Galactic coordinates. the bimodal form which is normal for bright ellipticals, Wit

The model returns catalogues with the expected numberdfe and red peaks neaf ¢ 1) = 0.92and ¥ - 1) = 1.18 re-
stars and their V and | magnitudes. Generally we find th&eectively. This bimodal form is parameterised converetiign
the number of stars is negligible compared with the nur@s the sum of two Gaussians. In secfidn 7 we investigate the
ber of GCs. A more detailed discussion of theet of this Ways in which the other four histogramsfeir from this form.
contaminant is given in section 4.1. A check for colour bimodality was made by apply-
2. Unresolved background galaxies. An estimate of the nuing the KMM algorithm [Ashman et al. 1994) and DIP test
ber of these contaminants was made by using the Hub{i@ebhardi& Kissler-Patig 1999) on data points betwe&h &
Deep Field South_ (Willlams et al. 1996). The images akg — | < 1.45. KMM was used in standard mode (fitting two
publicly available and were observed in the same pagSaussians with equat's). It returns the value P, which indi-
bands as our data. Since the HDFS images are much deejpgés if a distribution is better characterised by a sum ef th
than our images, we dimmed the HDFS in order to rea@yo Gaussians than a single Gaussian. Table 3 lists the outpu
our 80% completeness levels. We did this by dimming thehich consists of peak values, number counts in each Gaussia
HDFS V and | images with 2.8 and 2.6 magnitudes rend the P-value.

tsr? ecti\_/elyi byl muflttirp: Iying w itlh. LoeAm/25, ;-g :je(sstore . The KMM analysis shows that all of the colour distribu-
€ noise levels ol In€ original Images, we added Gaussiyll, ¢ ore petter fit by a double than a single Gaussian, but in

noise. Next, SExtractor was applie‘d \.Nith the same Paraflisc 1344 and NGC 474 the numbers of clusters in the red
etfars_as before, selecting obJects_ using the same selec_ I%tal—rich) Gaussian are too small to be statisticallyigig
criteria as before and then associating the objects. We fi

. ) t, so we plot in FigurEl 4 only the blue Gaussian for these
15 Sogr?esv";"t?'h”_ B5 < L’ - 't < 1&?5’ "".Tr'f':hare e"eb”'y o galaxies. For NGC 7626 and NGC 2865 neither a single
spread in v-1. ThiS humber, together wi € NUMDET Q5 Gouble Gaussian provides a good fit to the histogram, and
foreground stars, will be used in Section 4.4 to estimate

taminating back d density valid f h qal structure is more complex. However we do show in Figure
contaminating background densilty valid for €ach galaxy.gy he pjye and red Gaussians generated by the KMM algorithm.

The obvious colour bimodality for NGC 3923

4. V-l distributions and spatial distributions and NGC 5982 is confirmed by using the DIP test
4.1. V-l distributions (Gebha_r_dt& Kissl_er—Patig _1999). This test calculates_ the

probability of a dip occurring in a supposedly bimodal distr
To appear in our histograms an object must be detected in bbttion. Applying this test to the colour distributions ofrcix
passbands, so to avoid colour bias in the selection, wetedlegalaxies gives significant bimodality for NGC 3923 and NGC
only objects from our source catalogue which are 0.3 mags882 with the dip probabilityPgi, = 0.99 andPg, = 0.92
tudes brighter in both V and | than the respective 80% comespectively.
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Fig. 4. Histograms and colour diagram of V-I colours of the globudister candidates. All histograms are better fit by two
Gaussians than one, but for NGC 1344 and NGC 474 we plot omlyblhe component as a Gaussian fit, as the numbers
in the red peak are not significant. For the other four gatawie plot the two Gaussians fit by the KMM algorithm. Residual
histograms (thick lines) represent thé&dience between the data and the sum of the Gaussian fitaVedtished lines represent
the separation of the data into red and blue group¥ at) = 1.05.

NGC 3923 and NGC 5982 have been studied befoig.the same as ours, their red peak is 0.1 magnitude bluer. We
NGC 3923 has been observed from the ground in tlatribute this to our much larger GC sample.

Washington systeni (Zepf et al. 1995). Like us, they found & |, the further analysis we distinguish between red and blue
bimodal distribution, which, converting their data '”m'V'sampIe by cutting the distribution a¥ (- 1) = 1.05, in order

(Farbes & Forte 2001) and correcting to our extinction scalg, analyse whether these two populations haexnt prop-
give colours of 1.01 £0.05) and 1.21 £0.05), an dfset gjes.
of +0.06 with respect to our data. Data on NGC 5982

(Kundu & Whitmore 2001a) also revealed a bimodal distri- Ifwg ﬁ; th?\l\é'éhgggr?\lrgg ggczz 2825Nv¥3itch 3 fs(szzéussiag'ls,
bution; applying our extinction scale to their data gives$ s we do for ' an » the blue

colours of 0.96 £0.03) and 1.1540.03). While the blue peak peak extends much further to the blue than in other galaxies.
' ' ' e We suggest in sectidi 7 that this can be attributed due toa pop
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Galaxy Upuwe Mred @sS.bl. ass.rd. P-valuf log(r) Qred err  apue err Qal err  Qguay err
(2) 2 O (4) (5) (6) (7) ® (9 (0 (11) (120 (@13 (14) (15)
NGC 474 0.90 1.22 224 34 0.03p 1.2-2.2 - - - - 150 0.14 -1.87 0.03

NGC 1344 092 121 268 49 0.004 15-2.2 - - - - -202 017 -223 0.02

NGC 2865 0.85 1.12 192 111 0.0391.35-2.15 -3.05 0.24 -2.04 017 -228 0.14 -2.04 0.01
NGC 3923 0.94 1.16 253 390 0.03p 1.5-21 -087 015 -0.86 0.15 -090 0.10 -159 0.03
NGC5982 0.96 1.24 240 221 0.00p 14-21 -198 018 -122 0.19 -168 0.13 -223 0.04
NGC 7626 0.92 1.13 455 448 0.03p 15-22 -199 014 -142 013 -167 0.09 -216 0.04

Table 3. Left Output of KMM algorithm (explanation: see Section 4.2) witlue and red V-l peaks (columns 2, 3), KMM
assignments of GCs to blue and red groups (columns 4, 5) aatlie{column 6), See also Fig.Right: Slopesx and errors of
the surface densities of red, blue (based on a split aiMd5) and all GCs (columns 8-13), determined applying a ntejleast
squares method on ranges listed in column 7. Last columpegbgalaxy light. Surface densities of all, red and bluaugsoare
shown in Figures 8, 9 and 10.
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Fig. 5. Globular clusters in V-I (vertical scale) as a function ofFig. 6. Average colours of globular clusters (circles: all GCs)

radius. and galaxy colour (curve through triangles) as a function of
radius. NGC 2865, NGC 3923, NGC 5982 and NGC 7626 also
show data points for blue and red groups.

ulation of young blue clusters, overlapping in colour witte t
normal old metal-poor population.

For NGC 7626 KMM gives maxima at 0.92 and 1.13; th&igure[3 shows the spatial distribution of the GCCs. The cen-
bimodal nature was already observed by earlier, but less, deiers of the galaxies are represented by an open square.§-he di
observationg{Kundu & Whitmore 2001a). However inspectidnibution of GCs roughly follows the ellipticities of the dar-
and the output of KMM show that the simple bimodal form itying galaxies. The lack of GCs in the central regions is due t
not a good fit, instead the histogram shows a broad flat peelst, bad fits by GALPHOT (see Sectidn 2) or increased noise.
The middle of this peak {—1) ~ 1.0) is filled by exceptionally Figure[$ shows V-I colours of individual GCCs as a function
bright (M, < —11) and probably young GCs (see Secfian 7.3)f radius. These colours as a function of radius are plotied i
The colour magnitude diagram shows that these are distidbubins in Figurdb. Here, triangles, represent the galaxywolo
in several small clumps in, which cannot be explained by rareturned by GALPHOT, and circles the average colours of all
dom dfects: the errors in V-1 at these magnitude® (~ 23.0) GCs. For those galaxies for which we can separate the popula-
are at most 0.04 (Figuf@ 2) and smaller than the distances tien into red and blue groups (Sectibnl4.2) we plot as crosses
tween the clumps. This galaxy shows that the distribution tife mean colours of the red and blue groups respectively.
globular cluster colours is not necessary well represeinyezl Except for NGC 1344, the average colours of all GCs
Gaussians. tend to be bluer at large radii, confirming earlier results

4.3. Spatial distributions of the globular clusters



G.Sikkema et al.: Globular cluster systems of six shellxja 9

caused by a gradient in the relative fractions of the red and
blue groups, as illustrated by Figiide 7, where we plot thie rat
of the red to the blue population against radius.

ratio

f 1 lm 1& l% } ] 4.4. Globular cluster surface densities
1 - - —
% % ] The GC surface densities were calculated in elliptical #innu
% = their ellipticity was the average value in the outer regiass

os b } % I
i ! NL ﬁﬁ ] ] determined by GALPHQOT. Dusty regions, bad pixels and other
0 ‘ A B s RSN bad regions were not used when calculating tfiective area

of each annulus, from which the surface densities are derive
r T 1 We accounted for contaminating sources by subtractingle-bac
Ls [ }E T % % ] ground density, calculated as described in Sedfigh 3.6s&he

] background densities were between 4.1.®>8107* arcsec?
% } E for the six galaxies. In Figuld 8 we plot the radial surface-de
C T % % 1 sity of GCs as a function of radius, the galaxy surface bright
05 | H T % ﬂ E ness distribution is also shown in this plot. In Figui@s 9 and
[ n5982 1 n7626 1 [Id, we plot the radial density distribution for the clusterthe
e I o red group and blue group respectively, for those galaxiés wi
log(x/(ab)) [arcsec] log(V/(ab)) [arcsec] a significant red population.
For all galaxies we note a deficit of clusters in the inner
Fig. 7. Ratio of red vs. blue clusters as a function of radiusggions, with respect to the background light surface lrigh
NGC 5982 and NGC 7626 have strong gradients. ness distribution. Possible physical causes of this asugéed
in SectionZB, but here we consider the possibility of great
incompleteness in the inner regions causing this deficib Tw

ratio
-
T
—

Losf T AR T T, effects could contribute to greater incompleteness in therinne
ToEh R IE I L regions: confusion due to crowding; and the increased photo
Y -1 * % T % i 1-* noise level in the higher surface brightness regions.
Y sl ST ) I To test the #ect of confusion a low density region of 1000
i r f*i% B I %ﬁ% 1 % 2 x 1000 pixels, containing 43 clusters, was cut from the resid
§o2p RS %ﬁ& -+ % 4= imageof NGC 7626. Asin Secti@n_8.3, we introduced artificial
: %%% T | %; . objects at various number densities, using uniform and powe
i e -1 } 1 i f} 1 17" law surface density distributions. After using exactly #zene

o fer ey | i ;1% 1, detection methods and selection criteria as describeddtiobe
_esp e oSk - 1o [3d, we found that we start losing objects due to confusien ef
[N RN BT ], fectsatdensities of 0.15 arcsécwhere 5% are missed. From
i I 7 PoT Y D Figure[® we see that even the highest density of our galaxy
7-1sf ! {ff& SEs ﬁ‘; T 2 15 sample (i.e. NGC 7626) is still below this value.
® i1 T % ] The dfect of the galaxy surface brightness on complete-
5 RC it -e o T AR ; ; ica in hi ;
£ | T S o] ness is due to the increased photon noise in high surfadetbrig
Eﬂ 25 mys J T - 125 nessregions. Within the central 10 arcseconds (13.5 amwedsc

[ hsozs | j o082 | U Tavees | . for NGC 5982) this leads to increased incompleteness and we

T 25 do not plot points within these regions. Outside this, thekba

0g(/(av)) [aresec] ground photon noise from the galaxy is at mostthe back-

ground noise, except for NGC 3923 were the photon noise of

Fig. 8. Surface density ddll globular clusters, starlike symbolsthe inner data point is about4he background photon noise.
show galaxy surface brightness (arbitrary scale). Theestdp After again introducing artificial objects and using the sese-

the GC surface density was calculated between the dashed (g&tion criteria as before, we find that thifieet is significant
tical lines. only for NGC 3923: the inner two points in Figu® 8 should

probably lie somewhat higher.

The radial density distributions of most of the GC sys-
(Eorbes et al. 1996), and reflecting the colour gradienttén ttems follow the surface brightness distributions of theaggal
stellar halos. Where there is a significant red subgroupltige c light in the outer parts, but show a deficit at small radii vrhic
ter colours in that group match quite well the galaxy colpureie argue is not due to incompleteness due to confusion or
except in NGC 3923 where they are bluer, as is the case withoton noise from the galaxy. This is typical of ellipticéhs
NGC 1052[(Forbes et al. 2001a). In NGC 5982 and NGC 76@6éneral (e.g| Lauer & Kormendy 198[7;_Grillmair et al. 1986;
the strong blue-ward gradient in the mean cluster colourlizia et al. 2004;[ _Forbes et al. 2001a; _Schweizer et all 1996
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Fig. 9. Surface density ofed globular clusters; starlike sym-Fig. 10.Surface density dblue globular clusters; starlike sym-
bols show the galaxy light (arbitrary scale). The slope @f ttbols show the galaxy light (arbitrary scale). The slope @f th
GC surface density was calculated between the dashedaterti&C surface density was calculated between the dashedalertic
lines. lines.

and[Brown et al. 2000). The deficit at the centre is often iWe checked if these fierences are due to the choice of our in-
terpreted as evidence for tidal disruption of clusters ipgss ner radius by shifting the inner radius one data point to ¢fie |
through the core of the galaXy (Fall & Rees 1977), but to be &fs well as to the right; we found no significant change in slope
fective this process requires the clusters to be on predamtiin differences. The slopes calculated for the set of all GCs will be
radial orbits (Grillmair ef al. 1986: Ostriker ef al. 1989) used in Sectioll6, where the specific frequency is calculated
NGC 3923 shows a fierent behaviour, the surface den-
sity profile is much shallower than the light profile at all iiad
(already noted by Zepft et al. 1994). This is typical of the G
systems ofsome brightest cluster galaxies, e.g. NGC 4874 this section, the GCLFs in the | band are determined.
(Harris et al. 2000). However it is unusual for a galaxy sudh the observations are deep enough to cover the abso-
as NGC 3923, which is the brightest in a small group. lute turnover magnitude (TOM) oM, = -846 + 0.03
Comparison of Figurdd 9 abdl10 shows that there are sorfftandu & Whitmore 2001la), the GCLF can be used as a dis-
times diferences between the surface density profiles of rehce estimator. The GCLF can also be used to estimate the
and blue GCs. To quantify theseffdirences we fit the linear number of globular clusters in a system; this number then
relationlog(c) = b + a x r by applying a linear weighted leastdetermines the specific frequen8y (Section[H). In those
squares fit to the outer points of the density curve. Thesgpoigalaxies with a significant red population, we also compare
were chosen to lie between an inner and outer radius. The inttee GCLF of the red and blue samples, which could be dif-
radius was defined as the point where the flattening stops, efgtrent, for instance if the samples have largd Mifferences
mated by eye. The outer radius excludes unreliable datapoi¥whiimore et al. 2002).
at larger radii with very low number statistics (usually tain-
ing only 1 or 2 objects in the partial elliptical ring located L
the very outer corners of the image). We indicate the inndr aﬁ'l' Determination
outer radius in the Figures as vertical dotted lines. We calculated the GCLF in the | band, which is leffeeted by
Using the same method and radii we also fitted the galagytinction. The GCLFs were constructed from histogramh wit
light profile. In columns 7 to 15 of table 3 we list the radia binsize of 0.25 magnitudes, approximately twice the photo
used and the results of the fits, including errors on the slopaetric error of the faintest objects. The Besancon catadeg
(we used the standard recipe and error formulae, i.e. emgatiwere used to correct for contamination by foreground stars.
15.2.6 and 15.2.9 respectively as listed In Press et al))1992 The foreground stars (see Section 3.6) were cumulativddy su
In NGC 7626, the slope of the red GCs is significantliracted: i.e. if a bin contains only three sources, whiledlare
steeper than the slope of the blue GCs. Similar but less s@gr expected number of five stars, we subtracted the remaining
nificant diferences are visible in NGC 2865 and NGC 5982wo stars from the next bin. We only used objects within the

8. Globular cluster luminosity function in |
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excellent agreement with our value. In the remainder we will
use our calculated distance moduli for NGC 3923 and NGC
1344.

IS
S

5.3. Total numbers of GCs

[N
o

A Gaussian fit to the GCLF of the other four galaxies is
also necessary to estimate the specific frequency (Sddtion 6
Because the magnitude limit is below the TOM of the GCLF,
we fit only for - and amplitude, keeping the distance modu-
lus fixed within the error bars (0.26 mag.). Doing this for NGC
5982 and NGC 7626 give of 1.5 and 1.25 respectively, and
good fits. For NGC 474 and NGC 2865 we find ~ 1.05,
which is unusually small, and conclude that the calcul&gd
will be uncertain, and that deeper data are required.

Nr. of globular clusters

60
40

20

Nr. of globular clusters

1 6. Total number of globular clusters and specific
e frequencies

20 22 24 20 22 24 20 22 24 . . .
| | | In this section we estimate the total number of clusters ped s

cific frequencySy, which is a measure of the number of GCs
Fig. 11. Globular cluster luminosity functions in the | bandP€" Unit galaxy luminosity. It is a strong function of galaxy

Dashed and dotted histograms represent the GCLF of the P4 @nd environment: late type galaxies and isolated galax
and blue groups respectively. Gaussian fits are also dramiy. g€S usually have loweBy than early type and cluster galaxies

the GCLFs of NGC 3923 and NGC 1344 extend past the TofHarns 1991). The calculations are straightforward usimey
results of previous sections.

The specific frequency is defined by

. 31):
80% completeness levels and also corrected for mcomple(c'é'?lrrIS & van den Bergh 1981)

ness. The blue and red GCLFs were calculated used the ged_ N, 1024Mv+15) (3)

and blue groups defined in Sectfonl4.2. The GCLFs are shown

in Figure[I1, where they are divided in blue and red groups, whereNy; is the total number of GCs, andy is the ab-

we find no significant dferences between the GCLFs of redolute V magnitude of the galaxy, derived from the apparent
and blue populations. The peak in the GCLF of NGC 1344 atagnitudes and adopted distances (Table 1).

1=24.5 is due to red objects, caused either by photometric er- The total number of GCs is obtained by using:

rors near the faint limit, or more likely a local excess in the

N
background. Niot = Ngauss (Nmissed + Nfound) (4)
found
5.2. GCLF as a distance estimator for NGC 1344 and whereNtoung is the detected number of GCs, corrected for
NGC 3923 incompleteness\gauss is the expected number of GCs assum-
ing a Gaussian distribution:

If the events which formed the shells also formed large num-

bers of new GCs, then we might find dférence between then,, . = — 1.

TOM of the GCLF, firstly between red and blue populations, binsize

and secondly when compared with the canonical value for neyith binsize=0.25; amplitude and- are from the Gaussian fits

mal ellipticals ofM, , = —8.46 (Kundu & Whitmore 2007a). from the previous section .

However we only cover this absolute magnitude for the closes Nyjseq is the number of GCs expected to be missed due to

two galaxies, NGC 1344 and NGC 3923. Using the IRAF toghe fact that the galaxy is much larger than the ACS field of

NGAUSSFIT we find for NGC 3923 = 1.4+ 0.1, TOM; = view. This number is calculated by extrapolating and iraéegr

23.04+0.06, and, ignoring the spike in the GCLF at faint magng the GC surface density as determined in Sedfigh 4.4 from

nitude, for NGC 1344¢- = 1.35+ 0.10,TOM, = 2326+ 0.10. the outer points (listed in column 7 of Table 3), to the point
Comparing our GCLF distance estimates for NGC 1344here Vab reaches 50 kpc and 100kpc. Error sources used in

(m-M=31.72) and NGC 3923 (m-M31.50) with the SBF dis- the calculation oSy are:

tance moduli (from column 10 in Table 1: 3B + 0.30 and 1) A photometric measurement error of 0.15 mag.

31.80+ 0.28 respectively), shows that theffdirences 0#0.24 2) A distance error of 15%. This error is taken from

and -0.30 do not exceed the typical errors between these [raber et al. (198D) and represents the scatter iDthe o dis-

methods[(Richtler 2003). A PNLF distance estimate for NGfance estimator. Comparing our adopted distancesiiith o

1344 [Teodorescu et al. 2005) witth— M = 31.40+ 0.18 isin distances (see columns 11 and 12 in Table 1) shows that this

V2rn (5)
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is a reasonable assumption. The distance error was applie@Malin & Carter, 198B,[ Colbert ef al. 2001). As well as the

both Npiss and absolute V. presence of the shells, all six galaxies also show visible
3) The errors in the slope of the GC surface density, listeldist patches aradr lanes, mostly in the central regions. It
in column 13 of Table 3. has been shown that all galaxies, except for NGC 1344,

A possible large error is the unknown value of the slopsontain a KDC or show otherwise peculiar kinematic be-
of the GC surface density outside the ACS field of view. Weaviour [Hau etal. 1996; Hau et al. 1999 Carter et al. 1998;
assumed this slope to be equal to the fitted GC density prolmsellem et al. 2004;_Balcells & Carter 1993). NGC 474,
in the outer part of the galaxies. Especially for our two mo8tGC 5982 and NGC 7626 may be LINERS (Ho et al. 1997).
nearby galaxies this assumption is uncertain; these gaaxtxcept for NGC 474, unresolved X-ray data are available for
are only covered by the ACS to 15-17 kpc, while we extrajgdl galaxies[(O” Sullivan et al. 2001) and even a 2D X-ray map
olate until 50 kpc and even 100 kpc. Data on the slope in tfm NGC 3923 [[Buote & Canizares 19¢8; Pellegrini 1999). In
outer regions of our most distant galaxy, NGC 7626, and stinis paper we assume that NGC 474 and 1344 are E-type galax-
face density profiles in the literature, support this asdionp ies, although there is evidence in each case that they nght b
(e.g/Rhode & Zept 2004; Zept et al. 1994; Harris et al. 200Q)lassified as SO galaxies.
Finally, for NGC 3923, wide field data (Zepf et al. 1994) show , ) i
a constant slope to a radius of 5.6 arcmin ( 34 kpc). Applying The eQV|ronm§ntaI and other properties of the galaxies
a least squares fit to their inner data, covering the ACS fieS described briefly below (LGG group numbers from
size, gives a slope 0f0.82 + 0.34, comparable to our value®arcia 199B):
(-0.90+ 0.10). Their outer data gives a slightly steeper slope

of roughly—1.14+ 0.12, which we used to calculate the misselGC 474 — brightest galaxy of LGG20 (4 members).
GCs in Equation 4. The galaxy is connected with the small spiral NGC 470 via a

Assuming our assumption is justified, we adopt the finkl! tidal bridge [S-chiminovich 1997). Often classified as SO;
values forSy, which are listed in columns 6, 7 (50kpc) an&hows some rotatioh (Emsellem et al. 2004). May be a LINER.

8, 9 (100kpc) of Table 4. There sometimes are large varis\tio'HGOC 1344 — located at the outskirts of the Fornax Cluster,
betweenSy calculated at 50 kpc and 100 kpc, this especialfy,® from the central cluster galaxy NGC 1399. At this
true for NGC 3923 and is due to the shallow slope of the Ggistance the density is comparable to the field galaxy densit
density distribution compared with the luminosity distrilon. (<amPas etal. 2000). Sometimes classified as SO; shows
Harris et al. (1998) also noticed such variations and fourad a 'Oation within 2 efective radii (Teodorescu efal. 2005)

tio SO*al/S30° = 1.3, with S9*a! the totalSy andS?0 the Sy NGC 2865 — isolated galaxy [{Redaefal. 2004), remains

within 40kpc. It is important to keep thesefi@irent definitions ]?f adrotatlng Hldd|skd(Sch|r;1|nOV|ch 1995). Hauetal. 1939
of Sy in mind if one compareSy with other authors. Some '0U" I a KI_DC an evllblence lor a young (0.4-1.7 er) Sti ar
authors calculate loc&ly, others extrapolate to various value@°PU'ation; two possible explanations were given: a statou

ranging between 25kpc and 200kpc. or a truncation of the star formation.
Integrated out to 50kpc, we find values $f; typical for NGC 3923 — brightest galaxy of LGG255 (5 members)

isolated elliptical galaxies, except for NGC 3923 and NGRIGC 5982 — brightest galaxy of LGG402 (4 members), may

7626, for which we findSy = 5.6 andSy = 3.9 respec- P€aLINER. ,

tively. These values are more typical of cluster ellipigan- NGC 7626 — second brightest member of the Pegasus group,
deed NGC 3923 has the highe&§ of any isolated elliptical LGGAT73, _Of, at Igast 15 members. This probable LINER

(Zept et al. 1994). Both of these galaxies are in groups: Nd@s a radlo-j(?t, directed NE, and a small HI cloud between
3923 is a dominant group galaxy embedded in an X-ray eh a_md 3.0 WSW of the center; the galaxy does not

velope [Buote & Canizares 1998; Pellegrini 1999); and NGgontain any HI tidal features[(Hibbard & Sansom 2003).

7626 is the second brightest member of the Pegasus group g core shows orthogopal kmem_aUps t_o the main body
is also detected in X-ray5 (O Sullivan et al, 2001). (Balcells & Carter 1993), with no emission lines, nor sigifis o

nuclear young populations. A dust lane in direction ENE is

) ) visible in the inner 15 ACS pixels of the core.
7. Discussion

In this section a short summary of the properties of the shell

galaxies is given; a comparison with the GC systems of 'nor-

mal’ early type galaxies is made; the data are compared witt?- Comparison of the GC systems with normal
predictions of the hierarchical merger scenario simutetio  ellipticals

(Beasley et al. 2002); and possible signs for recent GC foerma

tion and ages are discussed. Our sample is selected on morphological grounds to have un-
dergone a recent minor merger. In this section we investigat
the efect of the merger event upon the GC systems. All six
galaxies have a peak at9d + 0.04 in their V-l histograms, in
All of our galaxies are located in low density re-common with 'normal’ ellipticals. In four of our six galaxde
gions; early type galaxies residing in groups and clusse see a distribution of galaxies red-wards of this, thi®edc
ters have a much lower probability of exhibiting shellppeak again occurs in the majority of normal ellipticals.

7.1. The shell galaxies



G.Sikkema et al.: Globular cluster systems of six shellxja 13

Galaxy Ntound Nmised €ror  Ngass — €rror Nt €error Snso error  Syio  error  Rip— Ry (kpe) My (mag)

1) ) (O C) G € O G (O @0 @11 (12 (13) 14
NGC474 284 143 29 405 56 609 94 21 05 27 10 2.5-25.0 -21.2
NGC 1344 352 93 25 367 28 464 44 14 03 15 04 3.4-17.0 -21.3
NGC 2865 350 35 6 647 98 712 108 16 04 17 04 4.1-25.9 -21.6
NGC3923 660 1254 162 860 67 2494 286 56 13 83 3.6 3.1-154 1.6-2
NGC5982 505 116 18 1218 161 1497 202 2.6 06 3.0 0.9 5.1-25.6 1.9-2
NGC 7626 1051 141 16 2498 263 2833 300 39 09 48 14 7.4-37.0 22.2-

Table 4.Column 2: Detected GCs, Columns 3,4: missed @G@sror; Columns 5,6: number of GGserror using the values for
the Gaussians determined in secfion 5.2; Columns 7,8:@&sEah error applying equation (4); Columns 9,18} within 50 kpc
with error; Columns 11,125y within 100 kpc with error; Columns 13: ACS range where slops been determined

All galaxies show a flattening in the GC density profilan SO or a rapidly rotating elliptical. NGC 474 and NGC
near the central regions. This feature is also a generadly sd344 both have significant rotation (Emsellem et al. 2004 and
in other GC systems and is attributed to disruption procesS@odorescu et al. 2005 respectively), and both are sometime
(Gstriker et al. 1989: Pesce et al. 1992). classified as SO galaxies. The most luminous galaxies in the

The properties of the GC systems of NGC 3923 and NG@&ng et al. (2006) Virgo sample with unimodal blue his-
5982 are very similar. Both galaxies have blue and red pepulagrams are NGC 4660, an elliptical with significant rota-
tions of comparable size, which peak at roughly the same Wdn (Emsellem et al. 2004); and NGC 4340, an SBO. However
values near 0.95 and 1.20. Using the colours of the GCCs ahdre are counterexamples in the Virgo sample, such as the
assuming that the red peak has solar metallicity, the deolutrotating ellipticals NGC 4564 and NGC 4697 which have
models of Fritze-v. Alvensieben (2004) (to get the metiis red peak dominated colour histograms. lfigient galaxies
of the blue clusters) and Fig. 12 frdm Goudfrooij et al. 200Xzve been studied in ficient depth to analyse any possi-
indicate that these systems are ctd Gyr, and evolved sys- ble correlation between the rotational properties of 8dlip
tems. cals and their GC colour histograms. Kundu & Whitmore

NGC 3923 has been extensively studied b§2001b) find a number of unimodal, blue colour histograms
Zeptetal. 1995. They already noted the very hi@y among a sample of SO galaxies studied with WFPC2 (e.qg.
for a galaxy located in a low density environment, which wlGC 2768), but their sample sizes are small. They do how-
confirm. [McLaughlin (1999) proposes that higy galax- ever find that a lower proportion of their sample of SOs are sig
ies are probably best explained by taking into account thdicantly bimodal, than their equivalent sample of elliatis
presence of a extended massive X-ray halo. However, N@undu & Whitmore 2001a).

3923 is probably in contradiction with these results. While

NGC 3923 has a very shallow GC surface density profile

and also contains a X-ray hald_(Buote & Canizares 1998,

Pellegrini 199P), its X-ray luminosity is about a factor 10 Finally we compare these objects with some prop-
lower (O Sullivan et al. 2001, Fukazawa et al. 2D06) than thesties predicted by the hierarchical merger model of
galaxies studied by McLaughlin: M49, M87, and NGC1399. Beasley et al. (2002). In these semi-analytical simulation

The colour distributions of NGC 474 and NGC 1344netal-poor GCs are old and formed in cold gas clumps, while
(Figurel@) are similar, and appear either to be unimodalp orthe metal-rich are created in time during merger events. Of
have a very low red (metal-rich) component. Although KMMourse, accretion of GCs also takes place during the higrarc
returns a combination of a blue and red peak as a good descegd-build-up of galaxies. These simulations are able toaepr
tion of the distribution, there are very few GCs in the redipeaduce the many variations in the colour distributions of GE-sy
Such colour distributions are very rare in luminous elipts tems observed in elliptical galaxies. For instance, in FedLB
(Kundu & Whitmore 20071a). Peng et al. (2006) show that, iof Beasley et al., a blue-peaked V-I distribution is showrolh
early-type Virgo galaxies, the red peak is much more prontgoks similar to our large single peak V-I distributions o&I8
nent in the more luminous galaxies. However unimodal, blué74 and NGC 1344. His model also roughly reproduces the
histograms only become common for galaxies fainter tkign observed.y — Ny relation. We plot this relation in the lower
= -18 (Figures 4 and 6 of Peng et al.), whereas the absolpat of FigurdIP together with our six data points. Our syste
magnitudes of NGC 474 and NGC 1344 g = -21.17 and - seem to have somewhat fewer globular clusters than predicte
21.07 respectively. They are however the lowest luminasity This is partly explained by the fact that Beasley et al. do not
lowest velocity dispersion galaxies in our sample. take into account disruption processes, which might rethee

Environmental dferences in the early history of the galaxywumber of clusters by 10%-20%. The upper part of the same
might lead to diferences in the GC (V-1) histograms. InFigure shows the logarithm of the ratio between the number of
the merger model, fewer early mergers would mean less gde and red clusters. NGC 474 and NGC 1344, the two points
peak clusters. Fewer early mergers might also cause a galexy lowest luminosity, lie somewhat outside the point adou
to retain more of its angular momentum, and thus to lkie to their low number of red clusters.
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Galaxy SSP X-method YPNP (£;) Shell Dynamical GCs
@ 2 3 4 ®) (6)

NGC 474 73720 54:19 - - Old system

NGC 1344 40+ 1.0% - NP (5.5) 0.5 Old system
NGC 2865 Old plus @ — 1.7¢ - YP (10.6) - Oldplus®-1
NGC 3923 2608 - NP (10.3) 0B8-13 Old system

NGC 5982 183:8 6.8+ 15 YP (6.8) 0.2 Old system
NGC 7626 1975 80+13 NP (1.4) - Old plus 2 5

Table 5. Age estimates. Column 2: SSP ages from Denicolo et al. (2805 pti: [Hau et al. 1999 andl[Kunischner et al. 2002.
Column 3: Ages using fine-structure indexnethod (Schweizer & Seitzer 1992). Column 4: Old (NP) andri¢p{ P) systems
together with theiZ, index according to Michard & Prigniel (2004). Column 5: Dymiaal ages of type | shell systems using
Nulsen (1989). Column 6: Approximate age indications fro@ &-1) distribution (this paper)

the larger population at the sparsely populated faint erttief

‘ 43%3 T T ] GCLF. We compare the GC population of NGC 7626 with that
L T a ] of NGC 4472 [Rhode & Zept 2001), a more luminous galaxy
e i T, ) . 1 (My = —227) in the Virgo cluster. NGC 4472 has its bright-
T A %*5‘23@5” St ] est clusters in the blue (universal) peak, atlR (equivalent to

3 £y w1606 S0y ] M, = —125). The brightest clusters in NGC 7626 are about
o . ] 0.2 mag brighter and 0.2 mag redder in (V-I) than this, in a les
05 T L A i 7 luminous galaxy. This group of bright clusters appears & th
Pt 1 GCLF of NGC 7626 (FigurEZ1) as a small excess neaf1l.

10g(Nyye/Nyeq)
o
T
o
o
R %x
P
Ty g s
N
o
i
]

A We can compare this population with that found by
4r ; A E Whitmore et al. (1997) in NGC 3610, a dynamically young
’ - o " 1 elliptical. Their Figure 15 illustrates the evolution of aung,
metal-rich population compared with an old, metal-poorypop
B lation. In time, the young, metal rich, GC population wiltifa
N mg 55 &xi‘;; > iy X 1 in luminosity and will become redder. After three Gyr, thisop
%? o ’ 1 ulation has become redder than the old population but stdl h
several GCs which are brighter than the brightest old metal
. - L poor GC. This is exactly what is visible in our colour mag-
10 105 11 nitude diagram. Whitmore et al. quantify the ag&etiences
b/b® L using theA(V — 1) vs. AVyp diagram (see their Figure 18). This
diagram represents an age sequence by plotting vertit¢edly t
Fig. 12. Top: Ratio of blue and red clusters vs galaxy lumidifference in V-1 between the peaks and horizontally the mag-
nosity. Simulated data (Beasley et al. (2002)) and the 8{ shnitude diference between the 10th brightest globular cluster in
galaxies (NGC numberspottom: Total number of clusters the young and old populations. In NGC 7688, is extremely
vs. luminosity for simulated data and six shell galaxiesgda difficult to estimate, because the young population is domi-
squares) nated in number not just by the old metal-poor populatiot, bu
. by an old, red, metal-rich population as well. Replacitg o
by an estimate of the fierence between the magnitude of the
brightest clusters and the brightest in the blue peak, wie est
7.3. Possible evidence for recent GC formation in mate a very tentative merger age of 2 - 5 Gyr. We conclude that
NGC 7626 and NGC 2865 NGC 7626 appears to have some young GCs, probably created

. . . I in a recent (2-5 Gyr old) minor merger. These young GCs are
In this section we examine the possibility that the compiéx (superimpos(ed up())/n a n)1uch richergbimodal 0?& cluiter popu-

1) histograms of NGC 7626 and NGC 2865 provide eviden?gtion

for recent GC formation, in addition to the old GC popula- '

tion which gives both the red and blue peaks. In NGC 7626, For all galaxies with a substantial red population, we find
Figure[@ shows that the brightest GCs of NGC 7626, witignificantly steeper slopes for the red clusters. This is re
M, ~ -125+ 0.2 and V-E1.1, are more than 1.0 magnituddlected in Figurdd7, where gradients are seen in the ratio of
over-luminous with respect to the brightest GCs of the othexd to blue clusters as a function of position: the red GCs
five galaxies (all at about -11.0), and with respect to its oware more centrally concentrated than the blue GCs. Sinfiar e
universal blue population. It is the most luminous galaxguim fects are also seen in other early type galaxies (NGC 1407:
sampleMy = —2216), and as such the GCLF would be exXfForbes etal. 2006; NGC 4649 Forbes et al. 2001a; NGC 1399:
pected to extend to the brightest magnitudes, simply becafusiDirsch et al. 2005; NGC 4635: Dirsch et al. 2005 and others).

log(ny,,)
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Since the converse situation is never or rarely seen, tlfigucture Parameter measures the age since the galaxy as a
must reflect some importantftérence between blue and redtructure was built up, and this isfi#irent from the ages of the
clusters. This dference will be related to flerent formation stars in the galaxy. However it determines a combinatiohef t
processes, combined with disruption, which wiffet popu- age of and the magnitude of a merger event, so there is a degen-
lations diferently depending upon their orbital structure. Lesracy here as well. Schweizer & Seitzer quote Fine Structure
radial orbits for the red GCs might explain this, but withoutges for three of our sample which are listed in column 3 of
kinematic data on large samples of GCs nothing conclusive ckable 5. A similar approach was carried out by Michard &
be said about the cause of thesgatences. Prugniel (2004). They divided their peculiar ellipticallapay

NGC 2865 shows all signs of a recent merger ever@@mple into a normal (NP), reddish, sample, with no signs of
a very luminous shell and a KDC with evidence of a red young stellar population and a bluish sample (YP) with evi-

cent, 0.4-1.7 Gyr, starburdt (Hau etal. 1999), and an HI digence for a younger stellar population mixed with an old one.
(Schiminovich 1995). They list five of our galaxies and their results are listedhia t

The (V-1) histogram of the GCs of NGC 2865 (Figlie 4) i€ourth column of Table 5.

more complex than a simple bimodal structure, with a popula- PYnamical ages for phase-wrapped, type | shell systems
tion of very blue, not particularly luminous, GCs near (\el) SUch as NGC 1344, NGC 3923 and NGC 5982 can be derived
0.7. The colour of this population is consistent with an age from shell radii and spacings of the outer shells, where dy-
the range 0.5 - 1 Gy (Whitmore et al, 1997), consistent Wiﬂ@mlcal fr|c'F|on a_nd _tlda_l #ects are unimportant in determin-
the nuclear starburst age of 0.4 - 1.7 Gyr (Hau et al,1999), B9 the particle distributior (Nulsen 1989). We used Nulsen
the luminosity of the brightest clusters is much faintentpee- €duation 88 to derive the dynamical ages. Mass estimates wer
dicted. This could be attributed to the small number of ersst taken from the literature (NGC 1344: Teodorescu et al. P005;
in the young population, or else tofiirent physical conditions NGC 3923{ Fukazawa et al. 2006; fundamental plane masses:

imposing a diferent Globular Cluster Mass Function. eq. 7 oflvan Dokkum & Stanford 2003). The calculated ages

. o . are shown in Table 5 and are of the order of several 100 Myrs. It
An alternative hypothesis is that the structure in the celou :
|s(i‘clear that these young ages are not reflected in the GC popu-

magnitude diagrams of the GC systems of NGC 2865 ana\ ions for these galaxies, implying that the shell formawvgnt

NGC 7626 is entirely due to metallicity variations. In thesea . . o . :
. . . did not in these cases give rise to a substantial GC populatio
of NGC 2865 this would require a population of old clusters . .
Our sample consists of minor merger remnants, and only

with (V —1) ~ 07, which is too blue for an old populatlonif it is possible to separate the old and merger related @oepul

at any meta”'C'ty _(e.g. Lee. & Carney_Z_C 02). In NGC 76.26 3 ions, as in the case of NGC 2865, can we see a correspondence
.Old populatpn of |nterm(_ed|ate metallicity could fill in tfsp thween the dierent age estimators. More detailed studies of
:n the C.M dlagrgm, but it would have to have a very unusu{ahe stellar populations of all of the other galaxies would be
uminosity function to produce the numbers of bright cluste . .
that we see valuable, as would better theoretical estimates of the miyna
' ical ages of the more complicated Prieur (1990) Type Il ahd Il
shell systems.

7.4. Ages and minor mergers.

In this Section we compare ages derived for the stellar paopu@' Conclusions

tion of the galaxy; for the shell-forming merger events; &nd The properties of the globular cluster systems of six steéix
the young GCs that we argue are present in NGC 2865 g8¢ were analysed. For NGC 2865 and NGC 7626 we observe
NGC 7626. Stellar ages derived by comparison with Singdgomalous features in the (V-I) histograms, in additionhie t
Stellar Population (SSP) models are uncertain for a numlgiodal structure which is normal for ellipticals. The fierats
of reasons. First, galaxies are clearly not SSPs, and merggjresent excesses at intermediate colour in NGC 7626, tand a
remnants in particular will have at least three episodesasf syery blue colours in NGC 2865, consistent with a small popu-
formation, corresponding to the two progenitors and to thgtion of GCs, of age 2-5 Gyr and 0.5-1 Gyr respectively, poss
merger induced star formation event. Second, the degenengy formed in the merger event which created the shells. thea
between age and metallicity, combined with uncertainty hse the young population is dominated by the much largér, ol
isochrone models, and assumptions made about other pargirodal distribution.
eters of the stellar population, such as the mass functen, r  The data for two galaxies (NGC 1344 and NGC 3923) al-
der SSP ages very uncertdin (Poggianti et al. 2001). ThiRl Sgw the determination of their globular cluster luminodimyc-
ages are derived from nuclear spectra only, which can betinrgon distances. Fitting Gaussians to their GCLF give distan
resentative of the galaxy as a whole (€.g. Proctor et al.)200&oduli of 31.72 and 31.50 for NGC 1344 and NGC 3923 re-
Nevertheless SSP ages have been computed for four of ggéctively.
sample by Denicolo et al. (2005), for NGC 1344 by Kuntschner The properties of NGC 3923 and NGC 5982 are very sim-
etal (2002), and for NGC 2865 a starburst age has been deriygel Their bimodal V-I distributions and radial densityofites
by Hau et al. (1999), and these are listed in Table 5. of blue and red clusters are typical for old GC systems ipelli
Schweizer & Seitzer (1992) determine a Fine Structutieals. NGC 474 and NGC 1344 show one single blue peak and
Index, based upon the galaxy morphology, and derive an every shallow red peaks in their V-l histograms. These prioger
pirical correlation between this and the stellar age. Thee Fiare unusual for bright elliptical$ (Kundu & Whitmore 2001a,
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Peng et al. 2006) and may indicate less early mergers in th#lifs, R.S., Smail, I., Dressler, A., et al., 1997, ApJ 48825

formation history.

Emsellem, E., Cappellari, M., Peletier, R.F., et al., 200KIRAS 352,

NGC 3923 and NGC 7626 have higher specific frequencies 721 .
(respectively 5.6 and 3.9 within 50kpc) than normal for galaFaber, S. M., Wegner, G, Burstein, D., et al., 1989, ApJS768,

ies located in a low density environment. The luminosityhaf

X-ray halo detected in the former galaxy is probably ndfisu
cient to explain its higlsy as proposed Hy McLaughlin (1999).

t Fall, S.M., Rees, M.J., 1977, MNRAS, 181, 37P

Fall, S.M. & Zhang, Q., 2001, ApJ, 561, 751
Forbes, D.A., Franx, M., lllingworth, G.D. & Carollo, C.M1,996,
ApJ, 467, 126

The Sy of the other galaxies have values of around 2 and ¥Brbes, D.A, Brodie, J.P., Grillmair, C.J., 1997, AJ, 11852

typical for galaxies located in a low density environment.

Forbes, D.A & Forte, J.C., 2001, MNRAS, 322, 257

Although for some of these six galaxies new GCs may haypgrpes, D.A, Georgakakis, A.E. & Brodie, J.P., 2001a, MNRAZ5,

been formed recently, the general properties (like V-Irdhat

1431

tions and flattening of GC density profile) of the globularsslu Forbes, D.A, Beasley, M.A., Brodie, J.P., Kissler-Patig, BD01b,

ter systems of these shell galaxies do not deviate systeatigti
from 'normal’ elliptical galaxies.

ApJL, 563, 143
Forbes, D.A., Strader, J. & Brodie, J.P., 2004a, AJ, 1274339

In a future paper (Sikkema et al., in preparation) we will inForbes, D.A., Faifer, F.R., Forte, J.C., etal., 2004b, MNRA55, 608

vestigate the morphology and stellar populations of tifi@isé
galaxy, in particular in the shells.
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ABSTRACT

Context. To investigate the physical nature of the ‘nucleated inbtghof proto giant planets, the stability of layers in &g radiative gas
spheres is analysed on the basis of Baker’s standard omenzodel.

Aims. It is shown that stability depends only upon the equatiorstail, the opacities and the local thermodynamic stateeitegfer. Stability
and instability can therefore be expressed in the form difilaequations of state which are universal for a given position.

Methods. The stability equations of state are calculated for solanmusition and are displayed in the domaifi4 < Igp/[gcm3] < 0,
8.8 < Ige/[erggl] < 17.7. These displays may be used to determine the one-zonétgtabliayers in stellar or planetary structure models by

O directly reading € the value of the stability equations for the thermodynartétesof these layers, specified by state quantities as glensit

0o

S
fra}

arxXiv:as

temperaturd or specific internal energg. Regions of instability in theg €)-plane are described and related to the underlying migrsipal
processes.

Results. Vibrational instability is found to be a common phenomendrteanperatures lower than the second He ionisation zone. The
k-mechanism is widespread under ‘cool’ conditions.

Key words. giant planet formation «mechanism — stability of gas spheres

1. Introduction Phenomena similar to the ones described above for giant
planet formation have been found in hydrodynamical mod-
In the nucleated instability (also called core instability) hy- g|s concerning star formation where protostellar cores ex-
pothesis of giant planet formation, a critical mass foristatp|ode (Tscharnutér 1987, BalluER 1988), whereas earligt-st
core envelope protoplanets has been found. Miziino {19884 found quasi-steady collapse flows. The similaritieshis t
determined the critical mass of the core to be abouMi2 (mijcro)physics, i.e., constitutive relations of protdistecores

(Ms = 5.975x 10?' g is the Earth mass), which is independening protogiant planets serve as a further motivation fas thi
of the outer boundary conditions and therefore indepenafentsy gy,

the location in the solar nebula. This critical value for toge
mass corresponds closely to the cores of today’s giant fdane
Although no hydrodynamical study has been availabke Baker's standard one-zone model
many workers conjectured that a collapse or rapid contracti, ihis section the one-zone model of BaKer (1966), origynal

V_V'” ensue aft_er at_:cumulatyng th_e critical mass. The MaiR MBse to study the Cepheid pulsation mechanism, will béljprie
tivation for this article is to investigate the stabilitythie static . iawed. The resulting stability criteria will be rewt in

envelope at the critical mass. With this aim the local, Im&#a- o5 of Iocal state variables, local timescales and doitist
bility of static radiative gas spheres is investigated anttasis relations

of Baker's [T36F) standard one-zone model. Baker [1966) investigates the stability of thin layers iti-se
gravitating, spherical gas clouds with the following projes:

Send offprint requests to: G. Wuchterl
* Just to show the usage of the elements in the author field — hydrostatic equilibrium,
** The university of heaven temporarily does not accept esnail  — thermal equilibrium,
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Fig. 1. Adiabatic exponenity. I'; is plotted as a function of Ig internal energy [erdlgand Ig density [g crm?].

— energy transport by grey radiatiorfldision. Table 1.Opacity sources.

For the one-zone-model Baker obtains necessary conditions
for dynamical, secular and vibrational (or pulsationagodt Source T/[K]
ity (Egs. (344, b, ¢) in Bakeér 1956). Using Baker’s notation:

Yorke 1979, Yorke 1980a <1700
M, mass internal to the radius Kriigel 1971 1700< T < 5000
m mass of the zone Cox & Stewart 1969 500&
ro unperturbed zone radius
po unperturbed density in the zone % This is footnote a

To unperturbed temperature in the zone
Lro unperturbed luminosity

Es, thermal energy of the zone For a physical discussion of the stability criteria see Bake

(1966) or CoxI[(1980).

and with the definitions of thical cooling time (see Fig[L) We observe that these criteria for dynamical, secular and
Eu, vibrational stability, respectively, can be factorizetbin
Teo =1 (1) 1. afactor containing local timescales only,
and thelocal free-fall time 2. a fgctqr containing only constitutive relations and ithei
derivatives.
e = idﬂrg @) The first factors, depending on only timescales, are pesitiv
™= \V3:G3m, by definition. The signs of the left hand sides of the inequal-

ities (@), [@) and[(B) therefore depend exclusively on the se

Baker'sK andeo have the following form: ond factors containing the constitutive relations. Sitey/tde-

oo = 1 3) pend only on state variables, the stability criteria theuese
V8 Ti are functions of the thermodynamic state in the local zone.
V321 14 The one-zone stability can therefore be determined fromna si
S ; (4) ple equation of state, given for example, as a function of den
T 0 Teo sity and temperature. Once the microphysics, i.e. the tbdym
whereEw ~ m(Po/po) has been used and namics and opacities (see Table 1), are specified (in pedayic
S=— (m) specifying a chemical composition) the one-zone stahiliy
ginT/p (5) be inferred if the thermodynamic state is specified. The zone

e= mc? or in other words the layer — will be stable or unstable in what
is a thermodynamical quantity which is of order 1 and equal @ver object it is imbedded as long as it satisfies the one-zone
1 for nonreacting mixtures of classical perfect gases. Tlysp model assumptions. Only the specific growth rates (depgndin
ical meaning ofog andK is clearly visible in the equationsupon the time scales) will be fiérent for layers in dferent
above.o represents a frequency of the order one per free-falbjects.

time. K is proportional to the ratio of the free-fall time and the We will now write down the sign (and therefore stability)
cooling time. Substituting into Baker’s criteria, usinggtmo- determining parts of the left-hand sides of the inequalif@,
dynamic identities and definitions of thermodynamic quan{d) and [8) and thereby obtasability equations of state.

ties, The sign determining part of inequalify (6) i§3- 4 and it
- olInp aInpP ol reduces to the criterion for dynamical stability
= | ——— = | ——— Kp = | ——
L=\ omp)s ¥ " \amp ), - " T \amp); r> 2. 9)
3
_(9InT _(éInP _(9Ink Stability of the thermodynamical equilibrium demands
A@=\ammpP)s ¥T " \omT) T \aInT
s P T X,>0, ¢ >0, (10)
one obtains, after some pages of algebra, the conditiostfor 5g
bility given below:
2 1 x>0 (11)
%—2(3F1 -4) >0 (6) holds for a wide range of physical situations. With
-
ff
P xt
2 1-3/4 I3-1=—-— >0 12
a zrlvad[ﬁuT —M)tkp+1| >0 ) 3T T (12)
TeoTy T I1=x,+xr(I3-1) >0 (13)
© 8 ey lavi- @ 2150 8 fa-1
T2 1V ad— ( adKT+KP)_3_1—~1 > (8) Vad = = > 0 (14)
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Fig. 2. Vibrational stability equation of sta®,i,(Ige,1gp). > 0
means vibrational stability.

we find the sign determining terms in inequalitiEk (7) ddd (8)
respectively and obtain the following form of the criteria f
dynamical, secular and vibratiorghbility, respectively:

3 —4=:Sgn> O (15)
1-3/4
e s — )4k + 1= Seec> O (16)
Xt
4
4V a9 — (VadKT + KP) - f =:Syip > 0. (17)
1

The constitutive relations are to be evaluated for the unper
turbed thermodynamic state (say,(To)) of the zone. We see
that the one-zone stability of the layer depends only ondime ¢
stitutive relationd™s, Vag, X7, X, kp» k7. These depend only on
the unperturbed thermodynamical state of the layer. Thezef
the above relations define the one-zone-stability equatidn
state Sgyn, Ssec and S,ip. See Fig[R for a picture 08,ip.
Regions of secular instability are listed in Table 1.

3. Conclusions

1. The conditions for the stability of static, radiative dag in
gas spheres, as described by Bakér's (1966) standard one-
zone model, can be expressed as stability equations of state
These stability equations of state depend only on the local
thermodynamic state of the layer.

2. If the constitutive relations — equations of state and
Rosseland mean opacities — are specified, the stability
equations of state can be evaluated without specifying-prop
erties of the layer.

3. For solar composition gas tkemechanism is working in
the regions of the ice and dust features in the opacities,
the H dissociation and the combined H, first He ionization
zone, as indicated by vibrational instability. These regio
of instability are much larger in extent and degree of in-
stability than the second He ionization zone that drives the
Cepheid pulsations.
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