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ABSTRACT

We analyse high-resolutiodubble Space Telescgpelvanced Camera for Surveys imaging of the nuclear starbegson of M82,
obtained as part of the Hubble Heritage mosaic made of thégain four filters (Johnson-Cousins equivalé@iv, and| broad
bands, and an &l narrow-band filter), as well as subsequently acquldedand images. We find a complex system~df50 star
clusters in the inner few 100 pc of the galaxy. We do not find @myclusive evidence of a cluster-formation epoch assettiafth
the most recent starburst event, believed to have occubmat 4—6 Myr ago. This apparent evidence of decoupling betvetuster
and field-star formation is consistent with the view that sfaster formation requires special conditions. Howeveg, strongly
caution, and provide compelling evidence, that the ‘stegidcemple stellar population analysis method we have usgaificantly
underestimates the true uncertainties in the derived agegsodstochasticity in the stellar initial mass function &mel corresponding
sampling &ects.

Key words. galaxies: individual: M82 — galaxies: interactions — g&axphotometry — galaxies: starburst — galaxies: statelsis-
galaxies: stellar content

1. Introduction dated individually using either spectroscopic or multsgizand

. . , imaging observations, and as such they can be used as pbwerfu
Supermassive star cluster‘_s or ‘super star clusters’ (S8@s) yacers of the starburst history across a given galaxy.
highly luminous and massive, yet compact star clustersy The ) o )
result from the most intense star-forming episodes thabare _ 1he target galaxy discussed in this paper, M82, is the pro-
lieved to occur at least once in the lifetime of nearby stesbu totype nearby starburst galaxy. The starburst is five tinsda-a
galaxies, and most probably also in merging galaxies atfeigh Minous as the entire Milky Way, and it has one hundred times
shift (Smith et al. 2006). Super star clusters have beenroéde the luminosity of the centre of our Galaxy (O’Connell et al.
using theHubble Space Telescope (HSM)interacting, amor- 1995; and references therein). Ata distance of 3.9 Mpc (Saka
phous, dwarf, and starburst galaxies, (e.g., Arp & Sandage;1 & Madore 1999), many of M82's individual clusters can eas-
Melnick, Moles & Terlevich 1985; Holtzman et al. 1992; Meurelly b€ resolved by the4ST. O'Connell et al. (1995) performed
etal. 1992; Whitmore et al. 1993, 1999; Hunter et al. 1999020 an optical imaging study of the central region of M82 using th
O’Connell, Gallagher & Hunter 1994; Ho & Filippenko 1996;7STs Wide Field/ Planetary Camera (WFC), and unveiled
Conti, Leitherer & Vacca 1996: Watson et al 1996: Ho 199PVer one hundred candidate SSCs (in their nomenclaturkjywit
Carlson et al. 1998; de Grijs, O’Connell & Gallagher 2001; dé'€ visible starburst region, with a mekty ~ ~11.6 mag (based
Grijs et al. 2003a,b; and references therein) and are ttiaogh©" @n adopted distance of 3.6 Mpc). At the present time, this
be contemporary analogues of young globular clusters.Hisr tiS brighter than any globular cluster in the Local Group (e.g

reason, the study of SSCs can lead to an understanding of Y2 et al. 2006; and references therein). A more recent stydy b
formation, evolution, and destruction of globular clustésee Melo et al. (2005) use#iST/Wide Field and Planetary Camera-

the review by de Grijs & Parmentier 2007) as well as of the pr,@- (WFPC2) observations to reveal 197 young massive clusters
cesses of star formation in extreme environments. in the starburst core (with a mean mass close to I0° Mo,

A current issue of strong contention relates to the statiar i [2r9€ly independent on the method used to derive these s)asse
tial mass function (IMF) in starburst environments, andipar confirming this region as a most energetic and high-density e

ularly whether it is ‘abnormal’ due to preferential prodoct Vironment (see also Mayya et al. 2008).

of higher-mass stars (we will touch on this issue below, wher Unfortunately, studies of the core are inhibited by M82's
we explore the fects of stochasticity in the IMF). Furthermorealmost edge-on inclinatiori (~ 80°; Lynds & Sandage 1963;
SSCs are involved in the activation and feeding of supecgaldMcKeith et al. 1995) and the great deal of dust within the gala
tic winds (e.g., Tenorio-Tagle, Silich & Mufioz-Tufion @) tic disk (see Mayya et al. 2008 and references therein) odilgin
Westmoquette et al. 2007a,b). In addition, SSCs can be atfee dust provides the raw material for the clusters’ foromatit
also obscures and reradiates most of the light from theststrb

Send offprint requests to: R. de Grijs in the infrared (Keto et al. 2005). However, despite all thighit
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sources associated with the active starburst coffersog from  for full details of the observing programme, image proagssi
such heavy extinction (in the rang@ ~ 5-25mag; e.g., Telescoand calibration, see Mutchler et al. (2007).
etal. 1991; McLeod et al. 1993; Satyapal et al. 1995; Mayya et Whereas O’'Connell et al. (1995) had access to two broad-
al. 2008, and references therin), many individual clustemsain  band filters only (F555W and F785LP, the latter correspamndin
bright enough to obtain good photometry and spectroscopy to a broad~ R-band filter), the present study uses these four-
(see, for example, Smith et al. 2006; McCrady & Graham 2007jter high-resolution ACS Hubble Heritage observation®i?2
The starburst galaxy M82 has recently experienced at leastwell as subsequently acquired F330W\(-band) data, ob-
one tidal encounter with its large spiral neighbour galé#g1l, served as part of proposal GO-10609 (Pl Vacca), and obtained
resulting in a large amount of gas being channelled into ¢ine ¢ from the HST data archive. The F330W observations centred on
of the galaxy over the last 200 Myr (e.g., Yun, Ho & Lo 1994)M82 A and C were obtained on UT December 7 and 8, 2006, re-
The most major recent encounter is believed to have takee plapectively, with the ACSligh Resolution Camera (AG8BRC;
roughly (2— 5) x 10° yr ago (Brouillet et al. 1991; Yun et al. pixel size~ 0.028x0.025 arcsec). The respective exposure times
1994; see also Smith et al. 2007), causing a concentrated steere 4738 and 3896 s, with the AGSRC pointed under a posi-
burst and an associated pronounced peak in the cluster sige titin angle of 90.08 and 90.0@East with respect to North), re-
tribution (e.g., de Grijs et al. 2001, 2003c; Smith et al. 200 spectively. The two final pipeline-processed and flux-catiéd
This starburst continued for up t050 Myr at a rate of 10 M,  images cover adjacent fields, largely coincident with thered
yr~! (de Grijs et al. 2001). Two subsequent starbursts ensued, starburst area selected for further study in the currentipggee
most recent of which (roughly 4-6 Myr ago; Forster Schreib&ection 2.2).
et al. 2003, hereafter FS03; see also Rieke et al. 1993) may ha It should also be noted that O'Connell et al. (1995) used pre-
formed at least some of the core clusters (Smith et al. 2006 COSTAR data, acquired before the fitd6T servicing mission.
both SSCs and their less massive counterparts (see Sedijon Jhe increased volume and quality of data now available to us
The active starburst region in the core of M82 has a diamew@hovides more evidence with which to distinguish clusteosf
of 500 pc and is defined optically by the high surface brigssnepoint sources (i.e., stars), and in principle allows fotdreton-
regions, or ‘clumps’, denoted A, C, D, and E by O’Connell &trained age estimates, making the data set ideally matohed
Mangano (1978). These regions correspond to known soutcethg first comprehensive comparison of the various star-dion
X-ray, infrared, and radio wavelengths, and as such thefpp@re modes in one of the most violent environments in the local
lieved to be the least obscured starburst clusters alonginthe Universe.
of sight (O’Connell et al. 1995). The galaxy’s signaturepblar
outflow or ‘superwind’ appears to be concentrated on reglons ) )
and C (Shopbell & Bland-Hawthorn 1998; Smith et al. 20062,'2' Basic Image Processing

Silich et al. 2007), and is driven by the energy deposited e final drizzledB, V, I, and Hr images were first aligned us-
supernovae, at a rate ef 0.1 supernova yr (e.9., Lynds & ing the iar/stspas taskB maLiey and rotate, using a selec-
Sandage 1963; Rieke et al. 1980; Fabbiano & Trinchieri 1984gn of conspicuous sources common to each frame as guides.
Wa.tson, Stranger & Gﬂiths 1984, MCCarthy, van Breugel &They were then Cropped to a common size of 54891 pix_
Heckman 1987; Strickland, Ponman & Stevens 1997; Shophgiy (2705 x 29,55 arcsec) in order to include only the very core
& Bland-Hawthorn 1998; see also de Grijs et al. 2000 for a rgf the galaxy, the region of particular interest in this pajiae
view) U-band images were rotated, aligned and scaled to the Hubble
This paper is organised as follows. In Section 2 we give aferitage data set using a similar selection of point-likerses
overview of the observations, source selection, and image pcommon to both data sets, where available. This ensurethénat
cessing techniques applied to our sample of star clustetsein astrometric solutions of all images were calibrated to armom
core of M82. Section 3 describes the methods and result®of ffame of reference.
age determinations, and the complications due to stocitgisti  The selected region was chosen to specifically encompass
in the IMF, and Section 4 provides a summary and discussigie areas A, C, D, and E (O’Connell & Mangano 1978), as well
of these results, where we place our star cluster resultsen gs cluster B2-1 (de Grijs et al. 2001; Smith et al. 2006) far re
context of the star-formation history of the galaxy. sons of both image alignment and for photometric consistenc
checks. The starburst region studied in detail in this paper
shown in Fig[l. In FigCl2 we show the complementary, mo-

2. Source Selection and Photometry saicked F330W ACSIRC observations, rotated to the same ori-
. entation as the fields in Fifg] 1.
2.1. Observations At first glance, the images in the individual passbands ex-

During March 2006. a large four-filter six-noint mosaic dad hibit a number of striking similarities as well adidirences. Itis
of M892 e obtaine] asg At Of the Hulgble Heritace ProjeSiear that the M82 core is undergoing vigorous star fornmtio
P 9 1845 indicated by the strongaHand F330W-band emission. A first

(HST proposal GO-10776) using the Advanced Camera f%pression of the various named regions indicates thabne@i

Suneysiice e Channe (ACSIEC i sz 005 e S heyaungest (e  docs o et Svong s
observations in the F435W (equivalent to John)NF555W inthe l-band filter), while region E might be somewhat older or

(~ V), F814W ¢ 1), and F658N (K) filters, respectively. For

each of these f[ltgrs, four ‘e_xpo,sures were taken at SIX rregin the National Optical Astronomy Observatories, which israped by
c_)verlapplng pOIntlngs, or ‘tiles’. The TOUF exposures witeach the Association of Universities for Research in Astronoing,, under
tile were dithered to improve the rejection of detectorfades  .,qperative agreement with the U.S. National Science Fatiom sts-
and cosmic rays, and to span the interchip gap of the/MEE. 1., the Space Telescope Science Data Analysis System, codsis
The final mosaic of the & 2 ACSWFC fields was pipeline- complementary to the existingar tasks. We used Version 3.5 (March
processed by thBSTdata archive’s standard reduction routine006) for the data reduction performed in this paper.

! The Image Reduction and Analysis FacilityaF) is distributed by
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*B2-1 ] F330wW
5 arcsec

Fig. 2. Complementary F330W observations of the M82 A (east)
and M82 C (west) pointings obtained with the AEIRC. The
position angle is identical to that of the four images shown i
Fig.[d; clusters A1, B2-1, and F (e.g., Gallagher & Smith 1999
are indicated for orientation. The mosaic is displayed dt- op
um dynamic range, in order to emphasise the low-level struc
re. The linear features on the left-hand side of each ofwtioe
mosaicked pointings, seen under an angle of aboyt&@ in-
@trumental artefacts due to the HRC's coronographic finiges.
éf:ulting finger is not retractable and is therefore preseav-
gry ACSHRC exposure.

Fig. 1. The starburst core region of M82 used for the main anqrE
ysis in this paper. The four panels show the region’s appeara
as a function of wavelengtiB( F435W;V: F555W;1: F814W,;
Ha: F658N). Each panel is 29.55 arcsec on a side; a scale
of 5 arcsec length (corresponding+095 pc at the distance of
M82) is shown in the bottom right-hand panel. In the top righ
hand panel, we show the outlines of regions A, C, D, and E,
defined by O’Connell & Mangano (1978), superposed orvthe
band image. The bottom left-hand panel includes the pasitiocount rates of these transitions by the vertical dashed;liime
of clusters Al and B2-1 (see Smith et al. 2006). The individhe remainder of this paper we will only consider the objétts
ual panels are displayed at optimum dynamic range, in oaderthe ‘source-dominated’ domain, as indicated in the three|sa
emphasise the low-level structure. We point out that the curve delineated by the data points is
not as smooth as perhaps expected at face value. This is due to
our use of a number of flerent ranges of relatively low back-
most dfected by extinction (given that it is progressively eaground flux in which we determined the standard deviations of
ier to identify as a function of increasing wavelength). Wi w the counts. We subsequently ran ewb routine based on detec-
quantify these first impressions in Section 3. tion thresholds in multiples of the various standard déwies
The deviations from continuous smooth curves are therefore
. good indication of the intrinsic variations in seemingly fEgn
2.3. Source Selection field regions at low flux levels.

The standard deviations of the number of counts of seemingly We subsequently employed a cross-identification procedure
empty sections of allimages were established to ascertskya 0 determine how many sources were visible and coincidetht wi
background count for each filter. Multiples of this backgrdu intensity peaks within 1.4 pixels of each other in all thréterfs
count were then used as thresholds above which the numbefi&¥. allowing for 1-pixel mismatches in both spatial dtiens),
sources in each filter was calculated, using thd rino task. Yielding over 900 potential clusters. Sources found to lesemt
Figure[3 shows that the most suitable, conservatively ahodB all filters were then confirmed individually by eye, owirg t
thresholds for source inclusion were 0.08, 0.20, and 0.9@1so the lack of a more robust verification procedure in the presen
s, for theB, V, andl bands, respectively. (In view of the morePf the highly variable background and significantly vareabk-
stringent requirements applied in the next steps in thetoons  tinction across our field of view (cf. de Grijs et al. 2001; $mi
tion of our final sample, the exact values of these threstaniels €t al. 2007). This verification process was performed indepe
unimportant, as long as they are chosen such that no reattsbjélently by two of us, and the small number of disagreemerss (le
are omitteda priori at this stage.) For all three passbands, infhan a few tens of objects) were discussed and revisitedtail de
tially the number of detections decreases rapidly withéasing in order to construct the most robust and impartial clustersle
threshold value. This is an indication that our ‘sourcebdtibns Possible.
are noise dominated. Where the rapid decline slows down to a In our next step we used the ‘Tiny Tim’ software package
more moderate rate, our detections become dominated Hy ‘rdKrist & Hook 1997) to generatéiST point-spread functions
objects (either stars, clusters, or real intensity vaiatiin the (PSFs). We determined the best-fitting Gaussian profileohe
background field). In Fig:]3 we have indicated the approxéimagandidate cluster, as well as for the Tiny Tim PSFs. The width
of the latter was found to be best represented by a Gaussian pr
2 The Interactive Data Languageot) is licensed by Research file of g = 1.38 pixels, in theV band. Any candidate cluster
Systems Inc., of Boulder, CO, USA. with o (significantly) below this value was considered most
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of the 152 clusters for which our tasks could robustly objdio-
metry were adjusted for their zero-poinftsets (determined

m the headers of the archivialST observations).

In Anders, Gieles, & de Grijs (2006) we carefully consid-
ered the implications and remedies of taking ‘sky’ annud to
close to a given cluster, in the sense that we would overacibtr
the sky level because of the inclusion of flux from the cluster
) , outer profile. We generated an extensive and systematio§rid
likely to be a star (or an artefact either of the CCD or due tgherture corrections as a function of filter, radius of the ak-
cosmic rays) and was consequently discarded. Artificiadtes nyys, and cluster profile. Using these improved aperture co
were then created using the BA® package (Larsen 1999), Us-rections, we corrected our cluster aperture photometrgan
ing HST/ACS PSFs, and theirg values were compared with 5 fixed source aperture for the systemaffeets introduced by
constraint with which to disting_uish clusters from staea\,l!ng ture choice, we concluded that a 3-pixel (radius) sourcetagee
208 clusters for further analysis. We note that althoughisea resylited in the smallest photometric scatter for the chsstmple
tic cluster luminosity profiles may well deviate from the i 55 3 whole. We will adopt this source aperture below. Thetresu
Gaussian profile adopted here, its consistent and systeamti jng average (aperture-corrected) magnitudes of the chistere
plication to our observations allows us to robustlffetientiate 2.0, 19.5, and 19.3 mag in &V, andl bands, respectively,
between objects of fierent sizes, irrespective of their true proywith our cluster photometry spanning in excess of four magni
files, provided that the profiles of the individual objectsrait  {,des in all filters (5 mag in theband).
differ too much from object to object. In Figl 4 we display the  Although the data reduction procedure employed does not
distribution of our final cluster sample across the faceeM82 5jow us to perform a proper assessment of the observational
starburst core in th¥ band. This final sar_nple was used for fur'completeness limits, the luminosity functions in gV, and|
ther analysis irall of theU, B, V, I, and Hr images. bands indicate that our detection limits areBat 235,V ~ 23,

The right-hand panel of Figl 4 shows the distribution of thgnq| ~ 24 mag. As also shown in Fif] 3, where we showed
Ha excess across the region. To produce this panel, we C@e number of detected objects as a function of our detection
structed the interpolateddHcontinuum from a combination of threshold, our combineBVI photometry is limited by th& and
the V andl-band images, scaled by their filter widths and eXy_pand observations.
posure times. The image shows the ratio of theikhage and In Section 3 we will analyse our cluster photometry based
its continuum. The darkest shading corresponds to the mpst $n the cluster colours. In essence, we will use a poor mar’s ap
nificant Hr excess; the lightest shading to no (or a negligiblg}oach to cluster spectroscopy by using the broad-band spec

Fig.3. Number of objects detected as a function of thresho¥
level for theB, V, andl images. The vertical dashed lines show
the thresholds adopted here for source-dominated (as edpos
noise-dominated) ranges. See the text for details (Se2t®)n

excess. We will discuss this image in Secfior 3.6. tral energy distributions (SEDs). Since a small change louwo
could lead to a large change in the derived age, it is impbrtan
2.4. Photometry to make sure that the application of the Anders et al. (2006)

aperture corrections has not introduced unwanted sysieafat
Two photometry tasks were used im, with the aim of robustly fects andor offsets. Therefore, in Fifl] 5 we compare the cluster
determining the magnitudes of as many clusters as pos$isée. colours derived from our variable-aperture photometrygwied
appHOT task was used with source radii ranging from 1-10 pixwith thepnorom task) to those from the standard apertures (based
els and a standard sky annulus with radii from 10 to 15 pixelsn appror) combined with the Anders et al. (2006) aperture cor-
corresponding to a linear scale of 10 to 14 pc at the distahcerections. Considering the representative uncertainti¢ise de-
M82. In addition, our custom-written taskiorom utilises radii rived colours (shown in the bottom right-hand corners ohbot
individualised for each cluster (based on visual inspegtibhe panels), both panels of Fig. 5 show excellent agreementsstw
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not include nebular emission, which may systematicaffgc

S LR AR [ TTTTTTTTTTTTTTT the results at the youngest ages (see also Anders & Fritze-vo
® osf 1w e Alvensleben 2003). We will return to this issue below (Smcti
E g e« 1 E AR 3.7), where we discuss the results from the ébservations in
s P £ 1 'r W detail.
£ oosk * ot E > ] Finally, we adopted the Galactic extinction law of Rieke &
~ g P .2 1 @ op , W 5 Lebofsky (1985; conveniently tabulated by Jansen et al4199
I B . ';’:" " ] to correct our cluster photometry for foreground extinetio
8 osf .7 + 1= Fr7 -+ M82. Referring to fig. 1 of de Grijs et al. (2005), we note that
N P P P S T the choice of extinction law in the optical wavelength raige

-05 0 0.5 1 1.5 2 -1 0 1 2

(B - V). .y (mag) (V — D) o, (mag) relatively unimportant in the context of extinction cortieas

of broad-band photometry. Galactic foreground extinctiaas

Fig.5. Comparison of ourB — V) and {/ — I) colours obtained estimated based on Schiegel et al. (1998).

from variable aperture photometry according to the actuater
sizes, with fixed 3-pixel (radius) aperture photometry apera 3.2. The ‘lowest-luminosity limit’ test

ture corrections from Anders et al. (2006). For reasonsarftgl

we have not added error bars to the data points; a repreis;entdf_-Stimat?S of physical parameters (such as mass or age) drased
set of error bars is shown in the bottom right-hand corneache SyNthesis models assume a certain proportionality betfeen

panel. The dotted lines of equality are shown to guide the eyeStars at dierent evolutionary phases for a given age. Of course,
the use of the mean integrated luminosity provided by the SSP

models only makes sense when this proportionality is rdypust

the two data sets. We are therefore confident that theseuaperf€t: This implies that there must beflscient numbers of stars

corrections will not introduce systematifgets in the age deter- N @ny and all evolutionary phases or, equivalently, thativiF
minations in Section 3. is well sampled in all relevant mass intervals (see Cenrdfo

Valls-Gabaud 2008 for a more detailed discussion).
The simplest test to identify whether the IMF is appro-
3. Cluster ages priately sampled is to use the ‘lowest-luminosity limit’L(L)
_ ) ~ method (Cervifio & Luridiana 2004). The LLL method states
In this section we use the broad-band photometry derived tiat the IMF is not sfiiciently well sampled if the integrated lu-
Section 2 to obtain estimates (or otherwise) of the star-cluginosity of a cluster is lower than the luminosity of the most
ter ages in the M82 starburst core. For optimum results, we figninous star included in the model for the relevant age (see
not only require a dticiently high age resolution in our mod-pessev et al. 2008 for an application). This implies thastels
els, but also take into account thgeets on the integrated lumi- fainter than this limit cannot be analysed using standacd pr
nosities of statistically sampling the stellar IMF (e.ger@io, cedures, including? minimisation of the observed values with
Luridiana, & Castander 2000; Cervifio et al. 2002; Cervdiio respect to the mean SSP models (but see Sections 3.5 and 3.6).
Luridiana 2004, 2006). We will first discuss issues related Below the LLL, the proportionality assumed in the mean SSP
statistically sampling the IMF (Sections 3.1-3.4), andhtae-  value is not met, and the cluster colours do not reflect thetetu
ply the ‘standard’ analysis, essentially ignoring theseiés, in  age of the entire population, but — instead — the colour cambi
Sections 3.5 and 3.6. This will highlight thefidirences causedtion of a given set of individual (luminous) stars. Consetlye
by stochasticity in the IMF of incompletely sampled cluster jn this case cluster ages and masses cannot be obtained self-
consistently (although this caveat s largely ignored irststud-
ies using SED fits to obtain cluster ages).
Figure[® shows the LLL values as a function of age for the
In order to achieve these aims, we have made use aiMb2.0 different filters used in this paper. These luminosities were ob-
toofd, which provides the isochrones and the mean integratieihed by identifying the most luminous star on each isostro
magnitudes for a number of photometric systems, includifigr the relevant passband. The dark-grey area correspands t
HST/ACS datain the ST system used here. We calculated thetihe ‘source-dominated’ clusters (cf. Fig. 3), assuming & di
tegrated magnitudes for simple stellar populations (SB&s2d tanceD = 3.9 Mpc to M82. The light-grey area shows the
on a Kroupa (2001) IMF (corrected for binaries), covering eluster's maximum absolute luminosity, assuming an extinc
mass range from 0.15 to 120JMfrom the solar metallicity tion of Ay = 4.0 mag (roughly matching the mean extinction
(Z = 0.019) isochrones of Girardi et al. (2002) and Marigo etalue of Melo et al. 2005; see also Mayya et al. 2008). The
al. (2008) for stars more massive than %,Mnd the Bertelli et upper luminosity limit has been corrected for extinctioings
al. (1994) isochrones for low-mass stars. Near-solar ti@tal Argzsw = 1.317Av, Arsssw = 0.98Ay, and Argiaw = 0.599A,
should be a reasonable match to the young objects in M82 (eig., the corresponding corrections for a G2V-type stangisi
Gallagher & Smith 1999; see also Smith et al. 2006). Fritae-v Cardelli et al. (1989) extinction lfhand a total-to-selective ex-
Alvensleben & Gerhard (1994) also find, from chemical evoldinction ratio,Ry = 3.1.
tion models, that young clusters should have- 0.3-1.0 Z. We see that most of our clusters lie below the LLL, exceptin
Magnitudes and other quantities are based on Kurucz (1992)the age range around 2.5-6 Myr. When an extinction cornectio
mosphere models, except for cool stars (see Girardi et 8D 2M®f A, = 4 mag is used, most clusters still lie below the LLL, par-
for more details). ticularly in thel band. This means that, in general, none of our
Our set of SSP models and isochrones covers an age radgsters can host the most luminous star that would be presen
from 1 Myr to 10 Gyr. We note, as a caveat, that the models @weoretically for the given cluster age. This does not mhaw-

3.1. Spectral synthesis models and isochrones

3 available fronhttp://stev.oapd.inaf.it/cmdl 4 seehttp://stev.oapd.inaf.it/cmd.


http://stev.oapd.inaf.it/cmd
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populations and individual stars. In doing so, one needake t
into account several basic rules, which we will now discuss.

3.3.1. General considerations and rules

First, the position of single stars in a colour-colour deagrde-
fines a partial envelope of all possible conditions. As shbywn
Cerviiio & Luridiana (2006), the distribution of any podsiin-
tegrated luminosity of any cluster containiNgstars is the result
of N consecutive convolutions of the stellar luminosity fuoanti
(in units of flux). Hence, the possible colour distributidrosald
“olc  —eventually — converge to the mean value predicted by the SSP
models.

Secondly, there is a smooth transition between the position
g T Ty of single stars in a colour-colour diagram and the colours of
I ] SSPs, and clusters that are mofieeted by samplingfeects at
a given age would cover a larger region in colour-colour spac
I | than clusters containing more stars (which are, hence aess
0 v fected by IMF sampling statistics). In practice, this sitoican
be visualised as a gradual collapse of the possible cluskeuics
towards the mean SSP prediction.

Thirdly, the colour-colour diagram used should show an
asymmetric trend, in the sense that young clusters and &t st
have bluer colours than older clusters and cool stars amgbrin
eral, the bluest stars in a cluster correspond to the majonesee

Ll il turn of (for simplicity, we choose to ignore issues related to the
10° 10’ 0% 10® 10" nebular continuum in photo-ionised clusters here; the ra&in
Age[yr] fect of nebular flux would be to lead to redder cluster colours

: S ' in a similar fashion as reddening due to extinction. As a eens
Fig. 6. Lowest-luminosity limit for the ACBNFC filters used . y e
hegre. The dark-grey are)zil corresponds to the ‘source-d ing duence, some perceived ‘intermediate’-age clusters mength

clusters (Fig. 3), assuming a distance to M82of 3.9 Mpc. foreTl:r)]e young). | iderai h hically in Fi
The light-grey area shows the cluster’'s maximum absolu@mﬁ €se general considerations are shown graphically In =g.
nitude assuming an extinction 8f, = 4.0 mag. See the text for~
details.

F435W™" [mag]

-10

FB14W™" [mag]

Since we are in a situation where not all stars defining the
isochrone may be present in the cluster, we are bound by a num-
ber of additional rules. In essence, we need to work with the

ever, that our sample clusters cannot host the occasiorsaivea general considerations outlined above, but we also_ neeke t

evolved, red star (see for examples, e.g., Bruhweiler @0813; into account only thos_e stars that would be present in thetelu

Jamet et al. 2004; Pellerin 2006). However, in this cases gapis 1eads to two basic rules.

in the sampling of the cluster mass function areagosteriori

consequence of applying the LLL test. 1. Only individual stardess luminous than the cluster may

be considered in order to define the region in colour-colour

) ) space where a cluster of a given age could reside.

3.3. Age estimates of incompletely sampled clusters 2. No cluster can have colours that are not covered by ettieer t

In the previous section we established that our clustersare  individual stars or the SSP models.

fected by strong IMF samplingfects, so that age and mass es-

timatesf based on direct c_omparisons with SSP mean values gpg Application of the LLL test

not valid (although we will show below what one would con-

clude in terms of cluster ages and the implications for thetelr- In Fig.[8 we show the colour-colour diagram of the observed
formation history in the centre of M82 if we were to ignoresthi clusters in the M82 nucleus. We have also included the jpositi
caveat). As an example, red cluster colours could be exgdairof the SSP models and of individual stars for a foreground ex-
as being caused by the absence of massive stars, but thistalotion of Ay = 0 and 4 mag, respectively. F8, = 0 mag, it
sence can — in turn — be explained by either an old populatiappears that most of the clusters can be explained by an eld ag
in which the massive stars have faded, or a young populati¢h 10° yr). However, if we take into account the limitation im-
without massive stars (at least not to the extent expettid posed by the cluster luminosities, none of these clusterbost
retically), because of samplingfects (i.e., there are not enougtstars more massive than 6,Vand the extremeB-V) and V1)
stars to fully populate the massive-star tail of the IMF).am values are-1 mag. In this situation, neither clusters redder than
analogous manner, cluster masses cannot be obtained lgrop@ — V) = 1 mag, nor those redder than thé<{1) values defined
since the mass-luminosity relation depends on both the mge &y the SSP models can be explained. This implies that at least

the cluster mass itself, and both are unknown quantities. some amount of extinction is required to match the distidvut
However, we can still obtain partial information about thef the clusters in colour-colour space.
clusters from their integrated luminosities, taking adege of For Ay = 4 mag, the model curve seems to imply that all

the sensitivity of diferent observables with respect to both stellarlusters are young<( 5 Myr old). However, this choice of ex-
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Fig. 7. Graphical representation of the boundary conditions. Tikég. 8. Observed colour-colour diagram for the nuclear clusters
blue track shows the evolution of well-populated SSP modeis M82. The blue and purple tracks show the evolution of SSP
(from the bottom-left corner of the figure to redder colouss anodels #ected byAy = 0 and 4 mag, respectively; the dark
a function of increasing age). The black pentagrams highligand light-grey dots represent the colours of individuatsst-
SSPs of ages as indicated. The red area defines the regidam witbcted by similar extinction values. The red shaded arehes t
which only old (> 10° yr) clusters can reside; similarly, theregion where we would expect only older (C® yr) clusters to
blue area encompasses the region where we expect only yobagound; the extinction vector foky = 1 mag is shown for

(< 5 Myr-old) clusters. The black dots show the positions agkference.

extremely underpopulated clusters (i.e., ‘clusters’ cosga of

single stars, based on the isochrones discussed in Seciipn 3

The green dots represent stars with luminosities belowetiobs
the clusters in our sample, whereas the grey dots are strs
are more luminous than our clusters (in any filter). The gre
shaded areas cannot host any clusters, since there is riblpos
combination of single stars that can produce such clusteuc®
(see the text for details). The extinction vector fgr = 1 mag
is shown for reference.

{ﬁnd their masses) assuming that their IMFs are well popd)at
vithout resorting to the LLL test discussed above. This giite
% a good handle on the age uncertainties introduced byiignor
F sampling dfects, which we will highlight where appropri-
ate and relevant.

3.6. Age and mass distributions

tinction value cannot explain any cluster witB ¢ V) < 05 |n a series of recent papers, we developed a sophisticated
mag, for which less extinction would be required. tool for star cluster analysis based on broad-band SEDs,

Whatever the case, clusters that are reddeVin k) thanthe  AnaySED, which we tested extensively both internally (de
envelope of the SSP models with variable extinction (ifose Grijs et al. 2003a,b; Anders et al. 2004b) and externally (de
redder than a line with a slope 1), are most likely explained Grijs et al. 2005), using both theoretical and observed goun
by the presence of individual stars in thé ¢ 1) tail at (B — to intermediate-age<( 3 x 10° yr) star cluster SEDs, and the
V) = 1 mag forAy = 0 mag. This tail corresponds to stars oldega ey SSP models (Kurth et al. 1999; Schulz et al. 2002). The
than 100 Myr and, hence, these are ‘old’ clusters. In thi® cagccuracy has been further increased for younger ages bg-the i
a moderate amount of extinction is needed if the clustersoarec|ysion of an extensive set of nebular emission lines, akasel
host such luminous red stars. However, we note that in view @seous continuum emission (Anders & Fritze-von Alversteb
the significant photometric uncertainties, some of the nlgse 2003). We concluded that threlative ages and masses within
redder clusters could be consistent with younger cluste{— 3 given cluster system can be determined to a very high accu-
10° yr old) affected by varying amounts of extinction. racy, depending on the specific combination of passbandt use
(Anders et al. 2004b). Even when comparing the results of dif
ferent groups using the same data set, we can retrieve amj-pro
nent features in the cluster age and mass distributionsttonwi
Although we are clearly aware of the IMF sampling issues dig<log(Age/yr)) < 0.35 andA{log(M¢ /M)y < 0.14, respec-
cussed in the previous section, we will now apply the ‘stadda tively (de Grijs et al. 2005), which confirms that we undemsta
SSP analysis to our cluster photometry, in order to show whhe uncertainties associated with the use of omASED tool
effects ignoring IMF samplingféects would have on the derivedto a very high degree — provided that our sample clusters have
results. In other words, we will simply obtain the clusteeag well-populated IMFs.

3.5. Application of standard SSP analysis
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hand panel of Fid.]9 we visualise the full uncertainty rarniges
' ‘o'%l S all our clusters, as a function of age. We emphasise thaéthes
] uncertainties represent the full range from the minimumhe t
o ] maximum ages allowed by the fitting routines; because of the
8o ] logarithmic representation, we note that the uncertaiahges
] are asymmetrical, however, so that it is impractical to sheer-
age values. As an aside, we also note that our results aremst d
inated by the age-extinction degeneracy inherent to theofise
] broad-band photometry, given that there is no discerniielect
M between the resulting cluster ages and their extinctionesa(a
trend would be expected if this degeneracy were importahg.
use of both th&J-band filter and a red optical passbahgrfin-
T imises any residual age-extinction degeneracy (e.g., Anete
al. 2004b).
] We will now use these uncertainty estimates to provide an
= independent cross-check on the accuracy of our age detrmin
] tions. Cluster A1 was found to have an age dt & 1.5 Myr
%o 208 ] (andE(B - V) = 0.85293 mag), which is — given the uncer-
% 9 tainties — in good agreement with the age estimate 6.5
] Myr of Smith et al (2006), based on spectroscopy and for an
extinction of E(B — V) = 1.35+ 0.15 mag. For cluster B2-1
(de Grijs et al. 2001; Smith et al. 2006), the age derived here
log( My /' Mo ) log( My / Mo ) (2.0+ 1.0 Gyr; for E(B - V) = 0.60*525 mag) is also consistent
. o with previous age determinations: Smith et al. (2006) dfiv
Fig. 9. (top left and bottomIeft) Age and mass distributions of the|og(Age yr1) = 854+ 0.8 for E(B- V) = 0.97+ 0.51 mag (see
clusters in the M82 starburst core, based on the straigiiat |50 Smith et al. 2007), while de Grijs et al. (2001, 2003¢) ob
application of SED matching using standard SSP mod#p; tained log(Age yr') = 9.7-9.76 based on a small to negligible
right and bottom right: Full (1) uncertainty ranges in age andymount of extinction.
mass, as a function of cluster age and mass, respectivelyhe  For completeness, the bottom left-hand panel ofiFig. 9 shows
text for details. the corresponding mass distribution of the nuclear M82tetss
in our sample. This shows that there is a broad distribution o
) cluster masses around®®l,, not too dissimilar to the cluster
We therefore applied theMLySED approach to our full set jass distribution in the post-starburst region ‘B’ some-0.5
of broad-bandJBVI cluster SEDs (we note that-band pho- kpc from the centre of M82 (e.g., de Grijs et al. 2001, 2003c).
tometry is only available for a subset of 127 clusters), @ssu a|though there is a non-negligible fraction of clusters moras-
ing a Kroupa (2001) IMF (with a low-mass cuff@t 0.1 My)  sjve than~ 10° M, (which may, hence, qualify as SSCs), there is
and Padova isochrones. Four-passband photometry is, in 9880 a significant complement of fairly low-mass objectsydo
eral, sifficient to yield robust cluster parameters with reasonabig . 13 Mo. The bottom right-hand panel shows the full mass
uncertainties (Anders et al. 2004b). However, given thélfig ranges obtained for our sample clusters from thetASED fits,
variable galactic background in our field of view (see EIgvlg i g similar visualisation as shown in the top right-handgdan
decided to fix the model cluster metallicities to the solduga fy the age uncertainties. A quick comparison of the geruifal
leaving both the cluster ages and extinction values as fa&ee porences between both right-hand panels shows that, intteed
rameters. The shape of the broad-band SEDs constrainsdke erage uncertainties in the cluster masses are relativesyler

the corresponding cluster masses. Despite the signifide pyf ge Grijs et al. 2005).

tometric uncertainties, generally caused by the highlyatde

background, our SED matching approach was fairly succkssfu

in converging to a reasonably well-determined set of agabeo 3.7. Constraints from Ha imaging

152 cluster candidates selected, we obtained ages for 142.
The resulting histogram of the best-fitting cluster ages

00 9000
] &
©
aa?anfgme
Oabqo) 05
29 9 0]

[
o
o

We are fortunate in also having obtained an khage of the

: galaxy’s starburst core. The addition ofrhbhotometry allows
shown in the top left-hand panel of FId. 9. The cluster age digg 15 determine the number of sample clusters showingan H

tribution shows a peak %lround log( Aggr ) ~ 9, with abroad g, ceqs which in turn will help us to constrain the clustezsag
distribution (of order 40% of the sample clusters) extegdot to < 8 Myr. Of the 152 clusters in our sample, nineteen show a
wards younger ages. Whether or not the apparent p_eak(shgtar Hr excess exceeding therlphotometric uncertainties of
youngerages Is (are) real depends on the uncertainties 808U yhe cysters’ total it flux. This relatively small number does
estimatel The AvaLySED output also provides realistice)l o necessarily imply that most objects are faint i Hux,
uncertainty estimates (see Anders et al. 2004b). In theigbi-r v+ ather that the photometric uncertainties are geryesi-
nificant due to the highly variable background (see Eig. by. F
the cluster age distribution. This is predominantly causgdpecific ﬁzgsincgiﬁte;s ;V;tgai;éagﬁt;ﬁgzlﬁlb?gﬂgg%}g)g[e):zrtehﬁl;%r_cas
features in the SSP models, such as the onset and presecegié@nt pC gag .

branch or asymptotic giant branch stars at, respectivelf) and~ 100 consistent with them being younger thari0 Myr.

Myr (e.g., Bastian et al. 2005). In addition, the peak in Bigt an age Of these 19 clusters with a significantztexcess, twelve

of ~10 Myr may be an artefact caused by the rapid evolution ofestel are located in or near region C. This is consistent with the ob
populations aroune 10-30 Myr (e.g., Lee et al. 2005). servation that region C might be the youngest part of the star

5 It is well known that broad-band SED fitting results in art¢ain
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burst (Section 2.2), although our age resolution does not etgion studied here, in that it could be possible that thetehs
low us to conclude this robustly; for all practical purpgsee analysed are not spatially associated with the more ret¢ant s
may assume that regions A and C are of similar (young) abarst event.
(see also O’'Connell & Mangano 1978; O’Connell et al. 1995). Forster Schreiber et al. (2003) indeed suggest that the two
Alternatively, region C may represent the actual core regien- events took place in ffierent regions, with the first happening
erating the minor-axis bl ‘plume’ coincident with the minor- in the centre of M82 and the second occurring predominantly
axis ‘superwind’ (cf. McCarthy et al. 1987; O’Connell et alin a circumnuclear ring and along the stellar bar. Alterrelyj,
1995; Westmoquette et al. 2007b). The right-hand panelgf Fit could be the case that cluster formation is not always -coin
[ shows the distribution of the ddexcess across the entire recident with enhanced star-formation episodes. This typef
gion. In this representation, region C clearly stands outlén nariois, in fact, not unreasonable to expect, as evidengesidp,
emission, so it may indeed be the youngest core region. the observed disparities between the cluster and fieldagtar
distributions in the Magellanic Clouds and in NGC 1569 (see
. ) Anders et al. 2004a for a discussion regarding the lattengal
4. Summary and Discussion In particular, the Large Magellanic Cloud exhibits a wetiekvn
gap in the cluster age distribution, yet the age distributibthe
field stellar population appears more continuous; the ftda-
and cluster formation histories are clearly veryfelient (e.g.,
éﬂszewski etal. 1996; Geha et al. 1998; Sarajedini 1998refad
rences therein). Although the case is less clear-cutéoBthall

We have presented high-resoluti6fST/ACS imaging in four
filters (Johnson-Cousins equivald@tV, andl broad bands, and
an Hy narrow-band filter), as well as subsequently acquised
band images, of the nuclear starburst region of M82. The hi

spatial resolution of thélSTimages has allowed us to eXplorq\/lagellanic Cloud, Rafelski & Zaritsky (2005) provide tetita

the central area of this galaxy in unparalleled detail. Wd &in _ " , Rt
complex system o£150 star clusters in the inner few 100 pcewdence that the cluster and field-star age distributioeskso

of M82, encompassing sections A, C, D, and E (O'Connell éignificantly diferent in this system (see also Gieles et al. 2007).

Mangano 1978). At face value, the resulting cluster ageidist sev\é\:ZICaﬁlfjéggaht?wﬁ\xgr,stggaggtric?'!usu?\:ear??hgtStter(]eaE”Snir:(?gi-be
tion gives us a strong handle on the global star cluster fooma y y ¥ 9

intensity across the galaxy’s core region, which can therooe Eﬁﬁsoggoﬁgfﬁur ssaarrr? pllee chustt% rstr:;n'?%g:?a rt:iiléurgasstz:c: r|]r(1:
pared to the field-star formation history. y b P

As the archetypal local starburst galaxy, M82 is believeaucjed in the theoretical stellar isochrones. We show ffects

to have undergone a tidal interaction with its neighbour1M8 hSt?gsg'Cal LMF sampling issues in colour-colour srl)a'glms

~ 10° yr ago (e.g., Gottesman & Weliachew 1977; O’Connell ould be taken as a strong warning to anyone (_|nc uding our-
Mangano 1978; Lo et al. 1987; Yun et al. 1993, 1994), provi -f"’es) o app'g St";”dard SSP analysis P Mmr
: ' ST e R, ' Cluster photometry of any but the most massive star clusters
ing the means of activation of the intense episodes of stsirbu . .
activity witnessed in M82. It has been suggested that thés-n a consequence, the age estimates derived based on staSéard S

action led to the ISM of M82 experiencing large-scale tosqueanatlﬁjf :tr;grlﬂt?oer\}vﬂ??jnsvgg]-g;;fys %agte'}?:r'r#tir']z&%?%re
coupled with a loss of angular momentum as it was transferr%cg 9 9

, . ted by (i) residual fects due to the age-extinction degener-
towards the dynamical centre of the galaxy (FS03; also bas . o :
on numerical )s/imulations: eg. Sunde?lius e)([ Eal. 1987; Nbigu acy, despite the availability ¢f-band and i observations, and

N : ! . — more importantly — (ii) significant stochastiffects.

1987, 1988; Mihos & Hernquist 1996). This led to an increased |, . . J .

cloud-cloud collision rate in the disk of the galaxy, andykar it l;;Saosutrr(;rr]ltecvtgorgi:]hitotggng%%?gfoiﬁzlé%gitbﬁr;[r;ﬁecﬁrn]:mu'
amounts of material accumulating and undergoing coml pmassgoﬁng clustersgwith un%ersampled stellar massyfunctiormmu
in the innermost regions, perhaps resulting in the firs more seriously than has been done to date (including by our-

episode (FS03). i o
We find (tentative) evidence of an enhanced clustesr?lves’ €.g., de Grijs etal. 2003a,b).

formation epoch associated with the first starburst evelnt (a

though we caution that the age uncertainties are significeet Acknowledgements

lieved to have occurred about 100 Myr ago (or possibly as re- . . .
cently as~ 30 Myr ago; Rieke et al. 1993). We do not find an)We thank Peter Anders for his help with the analysis of
strong eviden&of enhanced star cluster formation at an ag{! broad-band cluster photometry. SB thanks Sarah Moll for
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due to the residualfiects of (i) the age-extinction degeneracy (whic{Switzerland). MC is supported by the Spanish MCyT and by
is particularly important at these young ages), and (ii) flnet that FEDER funding of project AYA2007-64712, and by a Ramobn
the youngest isochrone included in thesySED tool is of an age of y Cajal fellowship. Thecmp2.0 tool was developed by Leo
2.5x 10° yr, with limited age resolution at these ages. In additioa, WGirardi. We are grateful to the anonymous referee for a ohref
remind the reader that we have adopted a fixed, solar mealiiich — gng constructive report that led to significant improveraént
may also give rise to a small age-metallicity degeneracyifw of the - 1,4 oy interpretation and the presentation of our resTihis
variability of the galactic background and the associateotgmetric paper is based on archival observations with the NS

uncertainties, it is impractical to introduce an additidin@e parameter :
in the fits; the metallicity is expected to be least varialilewr choice Hubble Space Telescopebtained at the Space Telescope

of possible free parameters). The consequence of tHemeieis that SCience Institute (STScl), which is operated by the Assiria

the youngest clusters tend to accumulate close to the layeecat-of, Of Universities for Research in Astronomy, Inc. (AURA), wnd
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