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Abstract. We deduce the globular cluster formation history of the bealliptical galaxy, NGC 5128, by using a chemical
enrichment model to accurately reproduce its observedliétadistribution function (MDF). We derive the obsemyévIDF
using recently obtainetd and B photometry of the NGC 5128 GC system, with ¢ B) used as the metallicity indicator.
Our results indicate that the GC system in this galaxy coeldhie product of two major GC formation episodes. The initial
formation episode occured 11-12 Gyrs ago creating 65-7&pénf the mass in the GC system. This was followed by a second
late formation episode which peaked 2-4 Gyrs ago and pratithgeremaining 25-35 percent of GC mass.
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1. Introduction elegant review of the GC formation models mentioned above

_can be found ih West etlal. (2004).
Globular cluster (GC) systems have been popular tools in de-

ciphering the star formation histories (SFHSs) of galaxideeir The object of this study is NGC 5128, the giant ellipti-
ubiquitous presence in galaxies of all morphological typeg@l galaxy in the nearby Centaurus Group (see lsraell 1998,
coupled with evidence that their creation seems to accofil & comprehenive review of NGC 5128). Located at a
pany major star formation episodes (.g. Larsen & Ridhtiéfstance of approximately 3.6 Mpc (e.g.Soria etal. 1996),
1999) makes them useful tracers of galactic evolution (efGC 5128 is the closest giant elliptical system with an es-
Kissler-Patig et A1/ 1998 van den Brgh_2000; Yoon & Le#mated GC population of 155@ 350 (Harris etal. 1984).
2002). In addition, GC systems are well represented by sithas been widely studied, not only because of its proxim-
ple stellar populations (SSPs) with stars of the same age dgand relative brightness, but also because it displays un
chemical composition, which makes them easy to study usi#gUal physical features which suggest that this galaxy is a
SSP models (e.h. Yi ethl. 2004). post-merger remnant. A prominent dust lane containing goun

The exact formation mechanism of GCs has been RIS and HIl regions (e.g._Unger el lal. 2000; Wild & Eckart

subject of much recent debate. Many models for G%DOO) and a series of optical shells (Malin & Carter 1983),

formation have been proposed including gaseous merg ‘hjch have H.I (Schiminovich et Al 19.94) an(_j molecular CO
(Ashman & Zerfl 1992), in situ formation (e.b. Harris et aI.Cﬁarmandans et 5l. 2000) gas associated with them, are con

1995), multiphase collapsé (Forbes etal. 1997), dissipati sidered strong evidence that NGC 5128 underwent a recent
less h’ierarchical merging (eh Chte etlal j'c 98 ’71)0(0)2')20 merger event within the last 1§ears. Recently, Rejkuba ef al.
and hierarchical clustering (Beasley el al. 2003). Whilegof (2004) suggested that star formation may have stopped as re-

these models can be conclusively excluded, the widespisad aently as 2 Myr ago in the north-eastern shell of NGC 5128.

covery of multimodal metallicity distributions in GC popul In a series of major works, Harris etiall (1599),
tions dfectively rules out an extreme version of the monolithlglarris & Harris  (2000) and|_Harris & Harris| (2002) per-
collapse scenario for their formation (see e.g. Forbedetf@rmed a comprehensive study of the metallicity distribnti
1997). Furthermore, the correlation between the mean metsl stars in the inner and outer halo of NGC 5128. In this
licity of GCs and galaxy luminosity indicates that chemieal study we deduce the formation history of the GC system of
richment of the GC system is intimately linked to the evolUNGC 5128 by accurately reproducing its observed metaflicit
tion of the host galaxy_(Eorbes el al. 1996; Durrell el al. €:99distribution function (MDF) using a chemical enrichment
Forbes & Forte 2001; Coté etlal. 2000; Jordan =t al. 2084). model. We derive the observed MDF of this elliptical galaxy
using recently obtainetd and B photometry of 210 clusters
Send @print requests to Sugata Kaviraj e-mail: in its GC systemi(Peng etlal. 2004a). The integrat¢d-(B)
skaviraj@astro.ox.ac.uk colour is used as the metallicity indicator because it iSiive
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to metallicity via the opacity fect but relatively insensitive
to the dfective main sequence turrffeemperatureTe¢¢) and
therefore to age whemess ~ 7000-12000 Kl(Yi et gl 2004).
Similar techniques usiny band colours have been used by 5l
Rejkuba [(2001) and_Jordan ef &l. (2002) who usgd-(V)
and Hubble Space Telescop&/FPC2 336N — F547M),
respectively. Although these colours are substantiallifebe
metallicity indicators than the previously useW ¢ 1) or
(B-V), they still change gradually with age and thus are not as
effective as J — B) in determining metallicityl(Yi et al. 2004).
Our work extends previous studies of NGC 5128 in a number
of ways. The large number of confirmed GCs withband i
photometry makes it possible to derive statistically digaint OW L
results. In addition, the relative robustness of € B) as a
metallicity indicator, compared to other optical colourmkes
chemical enrichment anffective approach in modelling therig, 1. (U - B) colour distribution derived from final sample of
formation history of the NGC 5128 GC system. The use @fCs used in this study.
a consistent chemical enrichment code means that we can
effectively transform metallicities into ages.

We begin by briefly checking that, as might be expected
from previous theoretical and observational results, glsinlYietal (2004) did not attempt to accurately derive the ages
starburst followed by passive evolution (a monolithic sés) and metallicities of individual GCs in this dataset. The agd
is incapable of reproducing the observed MDF of the NG@etallicity derivations given in_Yiet al! (2004) are rougs-e
5128 GCs. Performing this check is not a redundant exerciggates derived from average values &+ V) and U - B)
because our modelling essentially yieldsative likelihoods in broad bins. The method we use here provides far superior
for various models to fit the observed MDF of NGC 5128. guantification of the metallicity by using a finely interptald
is therefore instructive to compare the quality of fit betwedU — B) grid.
monolithic and non-monolithic scenarios. The main thrust o
the paper, however, is to exploredauble starburst scenarjo
analysing positions, timescales and relative strengttiedivo
star formation episodes that best explain the MDF of the NGQur photometric data on NGC 5128 contains 210 GCs, some
5128 GC system. We provide a coherent picture of the formaf-which suter from large uncertainties in thé andB magni-
tion history of NGC 5128 GCs based on double starburst s¢eees. In this study we applied a cut of 0.1 mag to the uncer-
narios that give excellent fits to the observed MDF and shdainty in (U — B), retaining 69 GCs out of the original sample
that our results are consistent with the spectroscopig/stfid of 210. The reasons for applying a rather stringent magaitud
Peng et 21.1(2004b), who use the age-senshiy@édex to age- error cut are twofold. Firstly, some GCs have extremelydarg
date the GCs in this dataset. photometric errors. By using GCs with small error bars we are
able to better quantify the metallicity of the GCs that wereve
tually use along with their associated errors. This in tesutts
in more constrained estimates for the characteristicseotér
We derive the observed MDF for the NGC 5128 GC system ligrmation episodes. Secondly, having performed this magni
using photometric data in tHé andB bands. We compute thetude cut we find that the MDF for the entire sample of 210 GCs
metallicities by overlaying a model(- B) vs. B- V) grid on is very similar to our reduced sample; a Kolmogorov-Smirnov
the GC data, withly — B) used as the metallicity indicator.  (KS) test (see e.qg. Wall 1996) between the entire sample and

The metallicity of each GC is computed by identifying itshe distribution derived after the uncertainty cut yieldK&
two bounding iso-metallicity curves, followed by lineatén probability of 42 percent, indicating that the two samples a
polation between them. We do not use the same iso-metglligionsistent at the 95 percent confidence level. 15 perceheof t
curves to compute the metallicity error from thé ¢ B) er- final sample of 69 GCs lie within a projected radius of 6’ from
rors. Instead we treat each error limit as a sepgpatat on the centre of the galaxy (NGC 5128 has an apparent size of 18’
the grid and repeat the process described above. Given xh&4’) compared to 25 percent of the original sample. 56 per-
irregular spacing and pseudo-horizontal nature of the modent of the final sample lies within 10’ compared to 59 percent
iso-metallicity curves (see Fig. 7 in Yi et al. 2004), this reof the original sample. The faint end of the GCLF of the final
sults in a more accurate approximation of the metallicitper sample lies a¥ = 19.7 mag, while the faint-magnitude cuts
for each GC. It should be noted thai  B) colours (espe- are 206 and 204 in theU andB bands respectively.
cially redder colours) arefiected by the age-metallicity de-  Our aim is to maximise thaccuracyof our analysis. The
generacy. The colour lying in a region of large degeneracy imagnitude cut we employ increases the robustness of our final
duces a larger metallicity error, since the correspondiatptn  solutions, without transforming the original distributisignif-
licity measurement becomes more uncertain. We also note ticantly. Fig.[l presents théJ(— B) colour distribution derived

T 0 B 2

3. GC selection

2. Derivation of the observed NGC 5128 MDF
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20 : : : our analysis using lorentzian starbursts, and find that oof ¢
clusions remain unchanged.

We assume that the system begins with no gas and use an
exponentially decaying gas infall rate

Non—cumulative MDF

n(®) = - exp( ) @

Tin

Hererj, is the infall timescale, ang is a parameter that con-
trols the final gas fraction in the system and is defined below.
Noting that,

This stud Cumulative MDF

Y
— — — — Harris et al. (2003)

™ gngat= {1 ex( )] < ©

wherety is the age of the universe in Gyrs, we can force the

temto h final fracti by choosi
Fig.2. TOP PANEL: Metallicity distribution derived from.{— system fo have a final gas fraclighac by choosing

B) colours of 69 GCs which havéJ(— B) photometric errors n-1

less than 0.1 mag. All photometry is corrected for Galactic e ~ (4)
tinction. BOTTOM PANEL: Comparison between the derived

metallicity distribution (shown in top panel) and that ded so that,

by Harris et al. (2003) using the metallicity sensiti&+{ T1) _ 1 (5)
index. = 1-Ofrac’

We fix the infall timescalerj, to 5 Gyrs, which leaves the fol-

. lowing 3n free parameters in the model for arstarburst sce-
from our final sample of clusters and Hi§. 2 presents the met riog P

licity distribution derived from theld — B) colours of our final
sample of clusters. We note that our derived MDF is condisterf,, ..., f, »,71,...,Tn.1,01, ..., 0n_1, Qfrac)-
with the NGC 5128 MDF derived using th€ ¢ T,) index for

205 clusters i Harris et Al (2003). This comparison is shoWVe note that due to the decoupling of the star formation rate
in the bottom panel of Fifd 2 from gas density, changing the value of thehas no impact

on our subsequent analysis. Essentially, the behaviouneof t

_ ) o system remains unchanged as long as there is a reservos of ga
4. Star formation and gas infall prescriptions available to make stars.

Feedback processes from star formation remain poorly un- Given the prescriptions given above for the star formation
derstood. Supernovae typically inject large amounts of e#?d gas infall rates, we compute the metallicity evolutibne
ergy into the inter-stellar medium. The energy deposited Cng followmg_the standard set of.chemlcal enrichment equa-
be either kinetic or thermal and the exact description §Pns as described In Eerreras & Silk (2000). We use the gield
these processes remains the subject of much debate RfeEhielemann etall(1996) for stellar masdés > 10Mo and
e.g.[Katz 1992 Mihos & Hernauiét 199%: Yepes étal._199%¥an den Hoek & Groenewegen (1997) for lower mass stars. For

Ferreras et al. 2002; Silk 2003). Such feedback processes @41ven set of parameters we integrate the equations to asow
interrupt or accelerate star formation, so the simple dagpl {0 compute the MDF, that is then compared with the observed

between star formation and the gas density implied by, for ¥DF via a KS test.

ample, a Schmidt law_(Schmidt 1959) may not hold. In this

model, we decouple the star formation rate from the gas d&)-Derivation of best-fit parameters

sity in the system to qualitatively account for such feedtbac . ] ] ]

processes from star formation. We take the star formatiten rVe Pegin our analysis by comparing a single starburst sce-

to be a sequence of gaussian functions independent of the {40, Which describes a monolithically evolving system, t
density the more realistic ones that underpin this study. We then re-

fine our analysis by adding another starburst and perform a de
fn —(t = 1n)? tailed study of the resulting six dimensional parametecspa
¥ = Z \2ro exp 202 @ We also check that small perturbations to the two major star
" formation episodes do noffact the best-fit values for our pa-
In Eq.0 f, is the normalisation amplitude;, the temporal rameters. This sequence is repeated for four final gasdrecti
spread andy the centre-point of starburat With the gaussian gfac = 0.1,0.2,0.35,0.5. Since we are modelling an elliptical
starbursts normalised as shown above, we keep the total ayakaxy, the value 0§y, is likely to be low, probably some-
under¥(t) and hence the total stellar mass equal to 1 by enswhere in the region.Q—0.35. In arecent work, Sanderson et al.
ing that}, f, = 1. We checked that our results do not depen(@003) finds the (hot) gas fraction in ellipticals withRago to
strongly on our choice of mathematical function by repestirbe approximately Q.
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We compare the MDF predicted by our model to the ofFable 1 shows the best-fit values for the starburst parameter
served GC MDF using the KS test. Thest-fitvalues of pa- (fi, f2, 11, 72, 01, 02) for final gas fractions of & to 0.1. Note
rameters are calculated by marginalising their KS probabithat in Table 1, Subscript '1’ indicates the initial (earktar-
ties, which involves summing (integrating) out the prolabiburst and Subscript 2 indicates the second (late) starburst

ity dependence of all other parameters, leaving a prolbili |n Fig.[3, we present the best KS values produced in the
distribution for each parameter that is independent of #l 0 double starburst models. The single starburst case is shown
ers in the model. For example, in a double starburst scenafis comparison, by the solid line at 2 percent. In Hify. 4 we
the marginalised probability distribution for the paraeret is  present three GC formation histories which yield the highes
calculated as KS probabilities (see shaded region in Hify. 3) by showing the
P(r) = ¢ Z P(r1, 121, 1), 020, 6) Z)][i:;tg)gsr}lrs;gtrilss :‘)(;r 0fa;)\/Soured valuef ( f,) in a system with

) - . . Fig.[@ suggests that an intermediate gas fraction.850
whereg is a normalising constant which ensures tB@t;) in- with (f1, f,) = (0.35,0.65) is themost favoured modgso that
tegrates to 1 This probability distribution will not, ir_1 eral, roughly one-third of the mass in the GC system is predicted
be symmetric and therefore should not be approximated by,ahaye heen formed in a late starburst centred around 2 Gyrs

gaussian. ago. Fig[» shows thenass fractiondormed at various ages

We take the best-fit value of a parameter as the valuegly metaliicities in this model, and FIg. 6 compares the MDF
which its marginalised probability function peaks. In aatdi, predicted by this model to the observed MDF.

we defineerrors for these parameters superficially similar to Although the favoured model provides the best-fit, the

the one-sigmaerrors frequently used for gaussian probabilitghmIed region in Figd3 shows a set of degenerate solutions

?r:setrr]”\?\zetlggfsi.ngi:\: ?s?ti?eoz:rlzealé value of a parametey consisting of models producing high KS values, all of which
P i reasonably reproduce the observed NGC 5128 MDF and there-

i.j.k

Xy . . .
_ fore cannot be completely discounted. Changing the relativ
P(x)dx = 0.34 P(x)d 7

j;( (xdx j: (xdx (") sizes of the starbursts even further results in the KS piibbab
and similarly the negative errox, , as ity declining rapidly. This is clearly expected, since i fimit

" " fi — 0, we recover a single starburst, already established as
f P(X)dx = 0.34f P(X)dx 8) being incapable of reproducing the observed NGC 5128 MDF.

x —oo While the position of the first starburst is fairly robust et

Finally, given the fact that each GC has a metallicity erréeSt-fit models, the second starburst tends to vary, so taat w
associated with it, we check that the positions of the mketyi 2r€ left with a dispersion of 2 Gyrs in the second starburst's
values for our model parameters are robust with respecetethPosition. This reflects the fact that uncertainties in coscand
errors. We perform this check by adding random noise to dfirthe age-metallicity degeneracy (discussed in Sect.d)da
observed MDF and producing KS values for theeisyMDFs. uncertainties in the metallicity derivations for our GCdigh
The noise is added by running through each GC and changméu_m Iimits our resoluti.on of the position of t_he late GG-fo
its metallicity to one of its error pointmndomly This process Mation episode. Averaging over all the best-fit models (show
is repeated a hundred times to generate a hundred noisy MDRdhe shaded region in Figl 3) and taking the one-sigma er-

We have checked that the KS values do not deviate significar@'S into account for the parameters given in Table 1, our re-
from the fiducial value and find that the KS values are suitapiyltS therefore indicate that the observed MDF of the NGC

robust (within 6 percent of the original values) when the fid128 GCs can be reproduced accurately by a formation sce-

cial MDF is perturbed in this way. This is mainly a result off@rio where roughly 65-75 percent of the mass in the GC sys-
choosing GCs with small photometric errors. tem was formed in an initial starburst 11-12 Gyrs ago, foldw

by a second late starburst which peaked 2-4 Gyrs ago and pro-

, duced the remaining 25-35 percent of GC mass.
6. Results and analysis

6.1. Double starburst scenarios 6.2. Perturbations to the double starburst case

For a single starburst scenario, the maximum KS probaliity

achieve in our model is around 2 percent, significantly low&S mentioned above, thestarburst scenario containe 8ee
than the double starburst scenarios we explore later. Tst mfgprameters. Clearly, as we make more free parameters avail-
favoured values of ando for the single starburst scenario ar@ole t‘_) the model, we should expect to do better_ln terms of
1 Gyr and 135 respectively. A single starburst model fails tghatching the observed NGC 5128 MDF. We note first that the

reproduce, with any acceptable accuracy, the observed MDF% values from the double starburst scenarios are signfican
NGC 5128. Iarge_. Reflmng the model furthe_r_\_/vould not_ make an apprecia-
With two starbursts we obtain a six dimensional paramet%lre difference in the KS probabilities, certainly not as much as

space with the star formation rate as the sum of two gaussia'ﬁ'sthe_ trans_ition from the s_ingle to the double starbursecés
addition, given the errors in the observed MDF and the resolu
f1 —(t-m)*  1-H —(t—12)?°

ex + ex ) tion of our model, further refinement would not provide much
2701 P 2072 270 P 202 greater insight into the GC formation history of this galaxy

P(t) =
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Table 1. Best-fit values and errors for the double starburst scemavith final gas fractions in the
range Ol — 0.5. Note that Subscript '1’ indicates the initial (early) rftarst and Subscript 2 the
second (late) one.

Final gas fractior= 0.5

(fi,f2) | (05,05) | (0.6,04) | (0.65035)| (0.8,0.2) | (0.9,0.1)

T | 0727937 | 10039 | 0517555 | 1.01755% | 100755
T | 50075 | 999795 | 100095 | 11907953 | 1110°G22
o1 | 070559 | 0707953 | 100552 | 102953 | 2.001553
o2 | 355075 | 358020 | 1997058 | 060755 | 149703
KSprob| 0.57 0.43 0.61 0.13 0.06

(f,f) | (0.5,05)

Final gas fractior= 0.35
(0.6,0.4) | (0.65,0.35) |

(0.8,0.2) | (0.9,0.1)

n | 007G | 10075 | 100%G5 | 100%GgE | 1.00%G5
T | 114055 | 90055 | 1200%5; | 9.0055 | 1210%5
o1 | 30275 | 11095 | 1137Gg; | 19973 | 29973
o2 | 0.70%5gF | 300538 | 0.99%% | 308753 | 3.05%G7
KSprob| 0.61 0.47 0.73 0.05 0.03

(f.f2) | (05.05)

Final gas fractior= 0.2
(0.6,0.4) | (0.65,0.35) |

(0.8,0.2) | (0.9,0.1)

| 0999k | 10088 | 10088 | 0999 | 1009k
r | 10507032 | 1145919 | 1120015 | 1090:924 | 10.70:024
o | 0769% | 09088 | 10093 | 20008 | 2999
oo | 3509% | 17493 | 10093 | 20098 | 25095
KS prob 0.49 0.43 0.44 0.04 0.02

(f.f) | (05,05)

Final gas fractior= 0.1
(0.6,0.4) | (0.65,0.35) |

(0.8,0.2) | (09,0.1)

| 11298 | 0919 | 14583 | 120932 | 10093
T | 1120018 | 1206915 | 1140911 | 1200958 | 10.89:014
o | 07283 | 0993 | 100k | 3003% | 25091
o2 | 3533% | 3463 | 20095 | 10033 | 3003
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Fig. 3. Best KS probabilities for various values &f and for four fi-  Fig. 5. Age-metallicity grid showing the fraction of stellar mass
nal gas fractiongrac. The shaded region shows a set of degenergigedicted by the favoured model as a function of age and metal

counted completely. The KS probability for a single stasbscenario levels of shading in the plot.

is shown by the solid line at 2 percent.
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Sig. 6. Comparison between observed MDF and that predicted
y the favoured model (which gives the highest KS probabil-

lity).

Fig.4. Three GC formation histories corresponding to the best
probabilities shown in the shaded region in [Elgy. 3.

Therefore, instead of repeating the study above with a
wholesale three starburst analysis, we chose to treat tfte twesistance to small perturbations indicates that the @édulnist
starburst as a perturbation on the double starburst system. scenarios are reasonably stable and robust solutions.
were interested in studying how the KS probabilities chahge
we apply a smalllper.turbation to ea_ch of the major sta_r f.ormﬁ- Discussion and conclusions
tion episodes. This simple perturbation analysis gavedinaa
tion of how localised these double starburst KS hotspotewafi/e studied the formation history of the NGC 5128 GC system
in the nine parameter triple starburst space. by using a chemical enrichment model to accurately repreduc
Fig.[d shows the best KS values achieved after applyingtaobserved MDF derived from recently obtaingéndB pho-
5 percent pertubation i.&perury = 0.05 as afraction of the tometry. Our results show that the GC system in this galaxy
best KS values in the corresponding unperturbed double stzould be the product of two major GC formation episodes, al-
burst scenario. In almost all cases the KS value improves otthough we do not have adequate resolution in the model or in
marginally. We conclude from this analysis that the KS hotspthe observed MDF to make any reliable claim about the possi-
is notextremely localised in the nine parameter triple starbutsility of additional formation events.
space and does appear to be stable at least under pertngbatio The double starburst analysis produces high KS probabil-
of sizes 5 percent and below. Although we have sampled oitigs and therefore good fits to the observed MDF, with best-
a small fraction of this nine-dimensional parameter sptee, fit models (shaded region in Fifl 3) that favour an initial GC
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photometric colours, are consistent with a study of the same

15[ Perturbotion size= 5 percent — 9m=0.10 objects using age-sensitive spectroscopic indices.
[ e ] Our study demonstrates the potential of a chemical enrich-
, =050 | ment approach in deciphering the formation histories of the
.. f:,};‘if;l"?;:’:\,'f:,;:i e 1 GC system in galaxies. As more age and metallicity-semsitiv
1o s B spectro-photometric data become available, methods ssich a

the one used in this study will enable us to set robust canstra
on the way galaxies either form or incorporate GCs, crucial t
our understanding of galaxy formation.

0.5 -

Relative maximum KS value
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