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ABSTRACT

We analyse high-resolutionHubble Space Telescope/Advanced Camera for Surveys imaging of the nuclear starburst region of M82,
obtained as part of the Hubble Heritage mosaic made of this galaxy, in four filters (Johnson-Cousins equivalentB,V , and I broad
bands, and an Hα narrow-band filter), as well as subsequently acquiredU-band images. We find a complex system of∼150 star
clusters in the inner few 100 pc of the galaxy. We do not find anyconclusive evidence of a cluster-formation epoch associated with
the most recent starburst event, believed to have occurred about 4–6 Myr ago. This apparent evidence of decoupling between cluster
and field-star formation is consistent with the view that star cluster formation requires special conditions. However,we strongly
caution, and provide compelling evidence, that the ‘standard’ simple stellar population analysis method we have used significantly
underestimates the true uncertainties in the derived ages due to stochasticity in the stellar initial mass function andthe corresponding
sampling effects.

Key words. galaxies: individual: M82 – galaxies: interactions – galaxies: photometry – galaxies: starburst – galaxies: star clusters –
galaxies: stellar content

1. Introduction

Supermassive star clusters or ‘super star clusters’ (SSCs)are
highly luminous and massive, yet compact star clusters. They
result from the most intense star-forming episodes that arebe-
lieved to occur at least once in the lifetime of nearby starburst
galaxies, and most probably also in merging galaxies at highred-
shift (Smith et al. 2006). Super star clusters have been observed
using theHubble Space Telescope (HST)in interacting, amor-
phous, dwarf, and starburst galaxies, (e.g., Arp & Sandage 1985;
Melnick, Moles & Terlevich 1985; Holtzman et al. 1992; Meurer
et al. 1992; Whitmore et al. 1993, 1999; Hunter et al. 1994, 2000;
O’Connell, Gallagher & Hunter 1994; Ho & Filippenko 1996;
Conti, Leitherer & Vacca 1996; Watson et al 1996; Ho 1997;
Carlson et al. 1998; de Grijs, O’Connell & Gallagher 2001; de
Grijs et al. 2003a,b; and references therein) and are thought to
be contemporary analogues of young globular clusters. For this
reason, the study of SSCs can lead to an understanding of the
formation, evolution, and destruction of globular clusters (see
the review by de Grijs & Parmentier 2007) as well as of the pro-
cesses of star formation in extreme environments.

A current issue of strong contention relates to the stellar ini-
tial mass function (IMF) in starburst environments, and partic-
ularly whether it is ‘abnormal’ due to preferential production
of higher-mass stars (we will touch on this issue below, where
we explore the effects of stochasticity in the IMF). Furthermore,
SSCs are involved in the activation and feeding of supergalac-
tic winds (e.g., Tenorio-Tagle, Silich & Muñoz-Tuñón 2003;
Westmoquette et al. 2007a,b). In addition, SSCs can be age-
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dated individually using either spectroscopic or multi-passband
imaging observations, and as such they can be used as powerful
tracers of the starburst history across a given galaxy.

The target galaxy discussed in this paper, M82, is the pro-
totype nearby starburst galaxy. The starburst is five times as lu-
minous as the entire Milky Way, and it has one hundred times
the luminosity of the centre of our Galaxy (O’Connell et al.
1995; and references therein). At a distance of 3.9 Mpc (Sakai
& Madore 1999), many of M82’s individual clusters can eas-
ily be resolved by theHST. O’Connell et al. (1995) performed
an optical imaging study of the central region of M82 using the
HST’s Wide Field / Planetary Camera (WF/PC), and unveiled
over one hundred candidate SSCs (in their nomenclature) within
the visible starburst region, with a meanMV ∼ −11.6 mag (based
on an adopted distance of 3.6 Mpc). At the present time, this
is brighter than any globular cluster in the Local Group (e.g.,
Ma et al. 2006; and references therein). A more recent study by
Melo et al. (2005) usedHST/Wide Field and Planetary Camera-
2 (WFPC2) observations to reveal 197 young massive clusters
in the starburst core (with a mean mass close to 2× 105 M⊙,
largely independent on the method used to derive these masses),
confirming this region as a most energetic and high-density en-
vironment (see also Mayya et al. 2008).

Unfortunately, studies of the core are inhibited by M82’s
almost edge-on inclination (i ∼ 80◦; Lynds & Sandage 1963;
McKeith et al. 1995) and the great deal of dust within the galac-
tic disk (see Mayya et al. 2008 and references therein). Although
the dust provides the raw material for the clusters’ formation, it
also obscures and reradiates most of the light from the starburst
in the infrared (Keto et al. 2005). However, despite all the bright
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sources associated with the active starburst core suffering from
such heavy extinction (in the rangeAV ∼ 5–25 mag; e.g., Telesco
et al. 1991; McLeod et al. 1993; Satyapal et al. 1995; Mayya et
al. 2008, and references therin), many individual clustersremain
bright enough to obtain good photometry and spectroscopy for
(see, for example, Smith et al. 2006; McCrady & Graham 2007).

The starburst galaxy M82 has recently experienced at least
one tidal encounter with its large spiral neighbour galaxy,M81,
resulting in a large amount of gas being channelled into the core
of the galaxy over the last 200 Myr (e.g., Yun, Ho & Lo 1994).
The most major recent encounter is believed to have taken place
roughly (2− 5) × 108 yr ago (Brouillet et al. 1991; Yun et al.
1994; see also Smith et al. 2007), causing a concentrated star-
burst and an associated pronounced peak in the cluster age dis-
tribution (e.g., de Grijs et al. 2001, 2003c; Smith et al. 2007).
This starburst continued for up to∼ 50 Myr at a rate of∼ 10 M⊙
yr−1 (de Grijs et al. 2001). Two subsequent starbursts ensued, the
most recent of which (roughly 4–6 Myr ago; Förster Schreiber
et al. 2003, hereafter FS03; see also Rieke et al. 1993) may have
formed at least some of the core clusters (Smith et al. 2006) –
both SSCs and their less massive counterparts (see Section 3.6).

The active starburst region in the core of M82 has a diameter
of 500 pc and is defined optically by the high surface brightness
regions, or ‘clumps’, denoted A, C, D, and E by O’Connell &
Mangano (1978). These regions correspond to known sources at
X-ray, infrared, and radio wavelengths, and as such they arebe-
lieved to be the least obscured starburst clusters along theline
of sight (O’Connell et al. 1995). The galaxy’s signature bi-polar
outflow or ‘superwind’ appears to be concentrated on regionsA
and C (Shopbell & Bland-Hawthorn 1998; Smith et al. 2006;
Silich et al. 2007), and is driven by the energy deposited by
supernovae, at a rate of∼ 0.1 supernova yr−1 (e.g., Lynds &
Sandage 1963; Rieke et al. 1980; Fabbiano & Trinchieri 1984;
Watson, Stranger & Griffiths 1984; McCarthy, van Breugel &
Heckman 1987; Strickland, Ponman & Stevens 1997; Shopbell
& Bland-Hawthorn 1998; see also de Grijs et al. 2000 for a re-
view)

This paper is organised as follows. In Section 2 we give an
overview of the observations, source selection, and image pro-
cessing techniques applied to our sample of star clusters inthe
core of M82. Section 3 describes the methods and results of the
age determinations, and the complications due to stochasticity
in the IMF, and Section 4 provides a summary and discussion
of these results, where we place our star cluster results in the
context of the star-formation history of the galaxy.

2. Source Selection and Photometry

2.1. Observations

During March 2006, a large four-filter six-point mosaic dataset
of M82 was obtained as part of the Hubble Heritage Project
(HST proposal GO-10776) using the Advanced Camera for
Surveys/Wide Field Channel (ACS/WFC; pixel size∼ 0.05 arc-
sec). Exposure times were 1600, 1360, 1360, and 3320 s for
observations in the F435W (equivalent to JohnsonB), F555W
(∼ V), F814W (∼ I), and F658N (Hα) filters, respectively. For
each of these filters, four exposures were taken at six marginally
overlapping pointings, or ‘tiles’. The four exposures within each
tile were dithered to improve the rejection of detector artefacts
and cosmic rays, and to span the interchip gap of the ACS/WFC.
The final mosaic of the 3× 2 ACS/WFC fields was pipeline-
processed by theHSTdata archive’s standard reduction routines;

for full details of the observing programme, image processing
and calibration, see Mutchler et al. (2007).

Whereas O’Connell et al. (1995) had access to two broad-
band filters only (F555W and F785LP, the latter corresponding
to a broad∼ R-band filter), the present study uses these four-
filter high-resolution ACS Hubble Heritage observations ofM82
as well as subsequently acquired F330W (∼ U-band) data, ob-
served as part of proposal GO-10609 (PI Vacca), and obtained
from theHSTdata archive. The F330W observations centred on
M82 A and C were obtained on UT December 7 and 8, 2006, re-
spectively, with the ACS/High Resolution Camera (ACS/HRC;
pixel size∼ 0.028×0.025 arcsec). The respective exposure times
were 4738 and 3896 s, with the ACS/HRC pointed under a posi-
tion angle of 90.08 and 90.06◦ (East with respect to North), re-
spectively. The two final pipeline-processed and flux-calibrated
images cover adjacent fields, largely coincident with the central
starburst area selected for further study in the current paper (see
Section 2.2).

It should also be noted that O’Connell et al. (1995) used pre-
COSTAR data, acquired before the firstHST servicing mission.
The increased volume and quality of data now available to us
provides more evidence with which to distinguish clusters from
point sources (i.e., stars), and in principle allows for better con-
strained age estimates, making the data set ideally matchedfor
the first comprehensive comparison of the various star-formation
modes in one of the most violent environments in the local
Universe.

2.2. Basic Image Processing

The final drizzledB,V, I, and Hα images were first aligned us-
ing the iraf/stsdas tasks1 imalign and rotate, using a selec-
tion of conspicuous sources common to each frame as guides.
They were then cropped to a common size of 541× 591 pix-
els (27.05× 29.55 arcsec) in order to include only the very core
of the galaxy, the region of particular interest in this paper. The
U-band images were rotated, aligned and scaled to the Hubble
Heritage data set using a similar selection of point-like sources
common to both data sets, where available. This ensured thatthe
astrometric solutions of all images were calibrated to a common
frame of reference.

The selected region was chosen to specifically encompass
the areas A, C, D, and E (O’Connell & Mangano 1978), as well
as cluster B2-1 (de Grijs et al. 2001; Smith et al. 2006) for rea-
sons of both image alignment and for photometric consistency
checks. The starburst region studied in detail in this paperis
shown in Fig. 1. In Fig. 2 we show the complementary, mo-
saicked F330W ACS/HRC observations, rotated to the same ori-
entation as the fields in Fig. 1.

At first glance, the images in the individual passbands ex-
hibit a number of striking similarities as well as differences. It is
clear that the M82 core is undergoing vigorous star formation,
as indicated by the strong Hα and F330W-band emission. A first
impression of the various named regions indicates that region C
may be the youngest (since it does not exhibit strong emission
in the I-band filter), while region E might be somewhat older or

1 The Image Reduction and Analysis Facility (iraf) is distributed by
the National Optical Astronomy Observatories, which is operated by
the Association of Universities for Research in Astronomy,Inc., under
cooperative agreement with the U.S. National Science Foundation.sts-
das, the Space Telescope Science Data Analysis System, contains tasks
complementary to the existingiraf tasks. We used Version 3.5 (March
2006) for the data reduction performed in this paper.
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Fig. 1. The starburst core region of M82 used for the main anal-
ysis in this paper. The four panels show the region’s appearance
as a function of wavelength (B: F435W;V: F555W;I: F814W;
Hα: F658N). Each panel is 29.55 arcsec on a side; a scale bar
of 5 arcsec length (corresponding to∼ 95 pc at the distance of
M82) is shown in the bottom right-hand panel. In the top right-
hand panel, we show the outlines of regions A, C, D, and E,
defined by O’Connell & Mangano (1978), superposed on theV-
band image. The bottom left-hand panel includes the positions
of clusters A1 and B2-1 (see Smith et al. 2006). The individ-
ual panels are displayed at optimum dynamic range, in order to
emphasise the low-level structure.

most affected by extinction (given that it is progressively eas-
ier to identify as a function of increasing wavelength). We will
quantify these first impressions in Section 3.

2.3. Source Selection

The standard deviations of the number of counts of seemingly
empty sections of all images were established to ascertain a‘sky’
background count for each filter. Multiples of this background
count were then used as thresholds above which the number of
sources in each filter was calculated, using theidl2 find task.
Figure 3 shows that the most suitable, conservatively chosen
thresholds for source inclusion were 0.08, 0.20, and 0.90 counts
s−1, for theB,V, andI bands, respectively. (In view of the more
stringent requirements applied in the next steps in the construc-
tion of our final sample, the exact values of these thresholdsare
unimportant, as long as they are chosen such that no real objects
are omitteda priori at this stage.) For all three passbands, ini-
tially the number of detections decreases rapidly with increasing
threshold value. This is an indication that our ‘source’ detections
are noise dominated. Where the rapid decline slows down to a
more moderate rate, our detections become dominated by ‘real’
objects (either stars, clusters, or real intensity variations in the
background field). In Fig. 3 we have indicated the approximate

2 The Interactive Data Language (idl) is licensed by Research
Systems Inc., of Boulder, CO, USA.

Fig. 2. Complementary F330W observations of the M82 A (east)
and M82 C (west) pointings obtained with the ACS/HRC. The
position angle is identical to that of the four images shown in
Fig. 1; clusters A1, B2-1, and F (e.g., Gallagher & Smith 1999)
are indicated for orientation. The mosaic is displayed at opti-
mum dynamic range, in order to emphasise the low-level struc-
ture. The linear features on the left-hand side of each of thetwo
mosaicked pointings, seen under an angle of about 30◦, are in-
strumental artefacts due to the HRC’s coronographic finger.The
occulting finger is not retractable and is therefore presentin ev-
ery ACS/HRC exposure.

count rates of these transitions by the vertical dashed lines; in
the remainder of this paper we will only consider the objectsin
the ‘source-dominated’ domain, as indicated in the three panels.

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 different ranges of relatively low back-
ground flux in which we determined the standard deviations of
the counts. We subsequently ran ourfind routine based on detec-
tion thresholds in multiples of the various standard deviations.
The deviations from continuous smooth curves are thereforea
good indication of the intrinsic variations in seemingly empty
field regions at low flux levels.

We subsequently employed a cross-identification procedure
to determine how many sources were visible and coincident with
intensity peaks within 1.4 pixels of each other in all three filters
(i.e., allowing for 1-pixel mismatches in both spatial directions),
yielding over 900 potential clusters. Sources found to be present
in all filters were then confirmed individually by eye, owing to
the lack of a more robust verification procedure in the presence
of the highly variable background and significantly variable ex-
tinction across our field of view (cf. de Grijs et al. 2001; Smith
et al. 2007). This verification process was performed indepen-
dently by two of us, and the small number of disagreements (less
than a few tens of objects) were discussed and revisited in detail
in order to construct the most robust and impartial cluster sample
possible.

In our next step we used the ‘Tiny Tim’ software package
(Krist & Hook 1997) to generateHST point-spread functions
(PSFs). We determined the best-fitting Gaussian profile for each
candidate cluster, as well as for the Tiny Tim PSFs. The width
of the latter was found to be best represented by a Gaussian pro-
file of σG = 1.38 pixels, in theV band. Any candidate cluster
with σG (significantly) below this value was considered most
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Fig. 3. Number of objects detected as a function of threshold
level for theB,V, andI images. The vertical dashed lines show
the thresholds adopted here for source-dominated (as opposed to
noise-dominated) ranges. See the text for details (Section2.3).

likely to be a star (or an artefact either of the CCD or due to
cosmic rays) and was consequently discarded. Artificial clusters
were then created using the BAOlab package (Larsen 1999), us-
ing HST/ACS PSFs, and theirσG values were compared with
those determined by ouridl routine. This provided an additional
constraint with which to distinguish clusters from stars, leaving
208 clusters for further analysis. We note that although realis-
tic cluster luminosity profiles may well deviate from the simple
Gaussian profile adopted here, its consistent and systematic ap-
plication to our observations allows us to robustly differentiate
between objects of different sizes, irrespective of their true pro-
files, provided that the profiles of the individual objects donot
differ too much from object to object. In Fig. 4 we display the
distribution of our final cluster sample across the face of the M82
starburst core in theV band. This final sample was used for fur-
ther analysis inall of theU, B,V, I, and Hα images.

The right-hand panel of Fig. 4 shows the distribution of the
Hα excess across the region. To produce this panel, we con-
structed the interpolated Hα continuum from a combination of
the V and I-band images, scaled by their filter widths and ex-
posure times. The image shows the ratio of the Hα image and
its continuum. The darkest shading corresponds to the most sig-
nificant Hα excess; the lightest shading to no (or a negligible)
excess. We will discuss this image in Section 3.6.

2.4. Photometry

Two photometry tasks were used, inidl, with the aim of robustly
determining the magnitudes of as many clusters as possible.The
apphot task was used with source radii ranging from 1–10 pix-
els and a standard sky annulus with radii from 10 to 15 pixels,
corresponding to a linear scale of 10 to 14 pc at the distance of
M82. In addition, our custom-written taskphotom utilises radii
individualised for each cluster (based on visual inspection). The

Fig. 4. (left) Distribution of our final, cross-matched cluster sam-
ple across the face of the M82 starburst core, superposed on the
V-band image.(right) Hα excess distribution. The darkest shad-
ing corresponds to the most significant Hα excess; the lightest
shading indicates no (or an insignificant) excess. The orientation
and scale of the images are as in Fig. 1.

resulting ‘instrumental’ magnitudes (in theU, B,V, andI bands)
of the 152 clusters for which our tasks could robustly obtainpho-
tometry were adjusted for their zero-point offsets (determined
from the headers of the archivalHSTobservations).

In Anders, Gieles, & de Grijs (2006) we carefully consid-
ered the implications and remedies of taking ‘sky’ annuli too
close to a given cluster, in the sense that we would oversubtract
the sky level because of the inclusion of flux from the cluster’s
outer profile. We generated an extensive and systematic gridof
aperture corrections as a function of filter, radius of the sky an-
nulus, and cluster profile. Using these improved aperture cor-
rections, we corrected our cluster aperture photometry based on
a fixed source aperture for the systematic effects introduced by
our reduction procedure. Upon close examination of our aper-
ture choice, we concluded that a 3-pixel (radius) source aperture
resulted in the smallest photometric scatter for the cluster sample
as a whole. We will adopt this source aperture below. The result-
ing average (aperture-corrected) magnitudes of the clusters were
20.0, 19.5, and 19.3 mag in theB,V, andI bands, respectively,
with our cluster photometry spanning in excess of four magni-
tudes in all filters (5 mag in theI band).

Although the data reduction procedure employed does not
allow us to perform a proper assessment of the observational
completeness limits, the luminosity functions in theB,V, andI
bands indicate that our detection limits are atB ≃ 23.5,V ≃ 23,
and I ≃ 24 mag. As also shown in Fig. 3, where we showed
the number of detected objects as a function of our detection
threshold, our combinedBVI photometry is limited by theB and
V-band observations.

In Section 3 we will analyse our cluster photometry based
on the cluster colours. In essence, we will use a poor man’s ap-
proach to cluster spectroscopy by using the broad-band spec-
tral energy distributions (SEDs). Since a small change in colour
could lead to a large change in the derived age, it is important
to make sure that the application of the Anders et al. (2006)
aperture corrections has not introduced unwanted systematic ef-
fects and/or offsets. Therefore, in Fig. 5 we compare the cluster
colours derived from our variable-aperture photometry (obtained
with thephotom task) to those from the standard apertures (based
onapphot) combined with the Anders et al. (2006) aperture cor-
rections. Considering the representative uncertainties in the de-
rived colours (shown in the bottom right-hand corners of both
panels), both panels of Fig. 5 show excellent agreement between
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Fig. 5. Comparison of our (B − V) and (V − I) colours obtained
from variable aperture photometry according to the actual cluster
sizes, with fixed 3-pixel (radius) aperture photometry and aper-
ture corrections from Anders et al. (2006). For reasons of clarity
we have not added error bars to the data points; a representative
set of error bars is shown in the bottom right-hand corner of each
panel. The dotted lines of equality are shown to guide the eye.

the two data sets. We are therefore confident that these aperture
corrections will not introduce systematic offsets in the age deter-
minations in Section 3.

3. Cluster ages

In this section we use the broad-band photometry derived in
Section 2 to obtain estimates (or otherwise) of the star clus-
ter ages in the M82 starburst core. For optimum results, we do
not only require a sufficiently high age resolution in our mod-
els, but also take into account the effects on the integrated lumi-
nosities of statistically sampling the stellar IMF (e.g., Cerviño,
Luridiana, & Castander 2000; Cerviño et al. 2002; Cerviño&
Luridiana 2004, 2006). We will first discuss issues related to
statistically sampling the IMF (Sections 3.1–3.4), and then ap-
ply the ‘standard’ analysis, essentially ignoring these issues, in
Sections 3.5 and 3.6. This will highlight the differences caused
by stochasticity in the IMF of incompletely sampled clusters.

3.1. Spectral synthesis models and isochrones

In order to achieve these aims, we have made use of thecmd2.0
tool3, which provides the isochrones and the mean integrated
magnitudes for a number of photometric systems, including
HST/ACS data in the ST system used here. We calculated the in-
tegrated magnitudes for simple stellar populations (SSPs)based
on a Kroupa (2001) IMF (corrected for binaries), covering a
mass range from 0.15 to 120 M⊙, from the solar metallicity
(Z = 0.019) isochrones of Girardi et al. (2002) and Marigo et
al. (2008) for stars more massive than 7 M⊙, and the Bertelli et
al. (1994) isochrones for low-mass stars. Near-solar metallicity
should be a reasonable match to the young objects in M82 (e.g.,
Gallagher & Smith 1999; see also Smith et al. 2006). Fritze-von
Alvensleben & Gerhard (1994) also find, from chemical evolu-
tion models, that young clusters should haveZ ∼ 0.3–1.0 Z⊙.
Magnitudes and other quantities are based on Kurucz (1992) at-
mosphere models, except for cool stars (see Girardi et al. 2000
for more details).

Our set of SSP models and isochrones covers an age range
from 1 Myr to 10 Gyr. We note, as a caveat, that the models do

3 available fromhttp://stev.oapd.inaf.it/cmd.

not include nebular emission, which may systematically affect
the results at the youngest ages (see also Anders & Fritze-von
Alvensleben 2003). We will return to this issue below (Section
3.7), where we discuss the results from the Hα observations in
detail.

Finally, we adopted the Galactic extinction law of Rieke &
Lebofsky (1985; conveniently tabulated by Jansen et al. 1994)
to correct our cluster photometry for foreground extinction in
M82. Referring to fig. 1 of de Grijs et al. (2005), we note that
the choice of extinction law in the optical wavelength rangeis
relatively unimportant in the context of extinction corrections
of broad-band photometry. Galactic foreground extinctionwas
estimated based on Schlegel et al. (1998).

3.2. The ‘lowest-luminosity limit’ test

Estimates of physical parameters (such as mass or age) basedon
synthesis models assume a certain proportionality betweenthe
stars at different 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 robustly
met. This implies that there must be sufficient numbers of stars
in any and all evolutionary phases or, equivalently, that the IMF
is well sampled in all relevant mass intervals (see Cerviño&
Valls-Gabaud 2008 for a more detailed discussion).

The simplest test to identify whether the IMF is appro-
priately sampled is to use the ‘lowest-luminosity limit’ (LLL)
method (Cerviño & Luridiana 2004). The LLL method states
that the IMF is not sufficiently well sampled if the integrated lu-
minosity of a cluster is lower than the luminosity of the most
luminous star included in the model for the relevant age (see
Pessev et al. 2008 for an application). This implies that clusters
fainter than this limit cannot be analysed using standard pro-
cedures, includingχ2 minimisation of the observed values with
respect to the mean SSP models (but see Sections 3.5 and 3.6).
Below the LLL, the proportionality assumed in the mean SSP
value is not met, and the cluster colours do not reflect the cluster
age of the entire population, but – instead – the colour combina-
tion of a given set of individual (luminous) stars. Consequently,
in this case cluster ages and masses cannot be obtained self-
consistently (although this caveat is largely ignored in most stud-
ies using SED fits to obtain cluster ages).

Figure 6 shows the LLL values as a function of age for the
different filters used in this paper. These luminosities were ob-
tained by identifying the most luminous star on each isochrone
for the relevant passband. The dark-grey area corresponds to
the ‘source-dominated’ clusters (cf. Fig. 3), assuming a dis-
tanceD = 3.9 Mpc to M82. The light-grey area shows the
cluster’s maximum absolute luminosity, assuming an extinc-
tion of AV = 4.0 mag (roughly matching the mean extinction
value of Melo et al. 2005; see also Mayya et al. 2008). The
upper luminosity limit has been corrected for extinction using
AF435W = 1.317AV , AF555W = 0.98AV, andAF814W = 0.599AV,
i.e., the corresponding corrections for a G2V-type star using a
Cardelli et al. (1989) extinction law4 and a total-to-selective ex-
tinction ratio,RV = 3.1.

We see that most of our clusters lie below the LLL, except in
the age range around 2.5–6 Myr. When an extinction correction
of AV = 4 mag is used, most clusters still lie below the LLL, par-
ticularly in theI band. This means that, in general, none of our
clusters can host the most luminous star that would be present
theoretically for the given cluster age. This does not mean,how-

4 seehttp://stev.oapd.inaf.it/cmd.

http://stev.oapd.inaf.it/cmd
http://stev.oapd.inaf.it/cmd
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Fig. 6. Lowest-luminosity limit for the ACS/WFC filters used
here. The dark-grey area corresponds to the ‘source-dominated’
clusters (Fig. 3), assuming a distance to M82 ofD = 3.9 Mpc.
The light-grey area shows the cluster’s maximum absolute mag-
nitude assuming an extinction ofAV = 4.0 mag. See the text for
details.

ever, that our sample clusters cannot host the occasional massive,
evolved, red star (see for examples, e.g., Bruhweiler et al.2003;
Jamet et al. 2004; Pellerin 2006). However, in this case, gaps
in the sampling of the cluster mass function are ana posteriori
consequence of applying the LLL test.

3.3. Age estimates of incompletely sampled clusters

In the previous section we established that our clusters areaf-
fected by strong IMF sampling effects, so that age and mass es-
timates based on direct comparisons with SSP mean values are
not valid (although we will show below what one would con-
clude in terms of cluster ages and the implications for the cluster-
formation history in the centre of M82 if we were to ignore this
caveat). As an example, red cluster colours could be explained
as being caused by the absence of massive stars, but this ab-
sence can – in turn – be explained by either an old population
in which the massive stars have faded, or a young population
without massive stars (at least not to the extent expectedtheo-
retically), because of sampling effects (i.e., there are not enough
stars to fully populate the massive-star tail of the IMF). Inan
analogous manner, cluster masses cannot be obtained properly,
since the mass-luminosity relation depends on both the age and
the cluster mass itself, and both are unknown quantities.

However, we can still obtain partial information about the
clusters from their integrated luminosities, taking advantage of
the sensitivity of different observables with respect to both stellar

populations and individual stars. In doing so, one needs to take
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 diagram de-
fines a partial envelope of all possible conditions. As shownby
Cerviño & Luridiana (2006), the distribution of any possible in-
tegrated luminosity of any cluster containingN stars is the result
of N consecutive convolutions of the stellar luminosity function
(in units of flux). Hence, the possible colour distribution should
– eventually – converge to the mean value predicted by the SSP
models.

Secondly, there is a smooth transition between the positions
of single stars in a colour-colour diagram and the colours of
SSPs, and clusters that are more affected by sampling effects at
a given age would cover a larger region in colour-colour space
than clusters containing more stars (which are, hence, lessaf-
fected by IMF sampling statistics). In practice, this situation can
be visualised as a gradual collapse of the possible cluster colours
towards the mean SSP prediction.

Thirdly, the colour-colour diagram used should show an
asymmetric trend, in the sense that young clusters and hot stars
have bluer colours than older clusters and cool stars and, ingen-
eral, the bluest stars in a cluster correspond to the main-sequence
turn off (for simplicity, we choose to ignore issues related to the
nebular continuum in photo-ionised clusters here; the mainef-
fect of nebular flux would be to lead to redder cluster colours
in a similar fashion as reddening due to extinction. As a conse-
quence, some perceived ‘intermediate’-age clusters may there-
fore be young).

These general considerations are shown graphically in Fig.
7.

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
general considerations outlined above, but we also need to take
into account only those stars that would be present in the cluster.
This leads to two basic rules.

1. Only individual starsless 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.

2. No cluster can have colours that are not covered by either the
individual stars or the SSP models.

3.4. Application of the LLL test

In Fig. 8 we show the colour-colour diagram of the observed
clusters in the M82 nucleus. We have also included the positions
of the SSP models and of individual stars for a foreground ex-
tinction of AV = 0 and 4 mag, respectively. ForAV = 0 mag, it
appears that most of the clusters can be explained by an old age
(>∼ 108 yr). However, if we take into account the limitation im-
posed by the cluster luminosities, none of these clusters can host
stars more massive than 6 M⊙, and the extreme (B−V) and (V−I)
values are∼1 mag. In this situation, neither clusters redder than
(B−V) = 1 mag, nor those redder than the (V − I) values defined
by the SSP models can be explained. This implies that at least
some amount of extinction is required to match the distribution
of the clusters in colour-colour space.

For AV = 4 mag, the model curve seems to imply that all
clusters are young (≤ 5 Myr old). However, this choice of ex-
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Fig. 7. Graphical representation of the boundary conditions. The
blue track shows the evolution of well-populated SSP models
(from the bottom-left corner of the figure to redder colours as
a function of increasing age). The black pentagrams highlight
SSPs of ages as indicated. The red area defines the region within
which only old (≥ 108 yr) clusters can reside; similarly, the
blue area encompasses the region where we expect only young
(≤ 5 Myr-old) clusters. The black dots show the positions of
extremely underpopulated clusters (i.e., ‘clusters’ composed of
single stars, based on the isochrones discussed in Section 3.1).
The green dots represent stars with luminosities below those of
the clusters in our sample, whereas the grey dots are stars that
are more luminous than our clusters (in any filter). The grey-
shaded areas cannot host any clusters, since there is no possible
combination of single stars that can produce such cluster colours
(see the text for details). The extinction vector forAV = 1 mag
is shown for reference.

tinction value cannot explain any cluster with (B − V) < 0.5
mag, for which less extinction would be required.

Whatever the case, clusters that are redder in (V − I) than the
envelope of the SSP models with variable extinction (i.e., those
redder than a line with a slope>∼ 1), are most likely explained
by the presence of individual stars in the (V − I) tail at (B −
V) = 1 mag forAV = 0 mag. This tail corresponds to stars older
than 100 Myr and, hence, these are ‘old’ clusters. In this case,
a moderate amount of extinction is needed if the clusters areto
host such luminous red stars. However, we note that in view of
the significant photometric uncertainties, some of the observed
redder clusters could be consistent with younger clusters (∼ 107–
108 yr old) affected by varying amounts of extinction.

3.5. Application of standard SSP analysis

Although we are clearly aware of the IMF sampling issues dis-
cussed in the previous section, we will now apply the ‘standard’
SSP analysis to our cluster photometry, in order to show what
effects ignoring IMF sampling effects would have on the derived
results. In other words, we will simply obtain the cluster ages

Fig. 8. Observed colour-colour diagram for the nuclear clusters
in M82. The blue and purple tracks show the evolution of SSP
models affected byAV = 0 and 4 mag, respectively; the dark
and light-grey dots represent the colours of individual stars af-
fected by similar extinction values. The red shaded area is the
region where we would expect only older (≥ 108 yr) clusters to
be found; the extinction vector forAV = 1 mag is shown for
reference.

(and their masses) assuming that their IMFs are well populated,
without resorting to the LLL test discussed above. This willgive
us a good handle on the age uncertainties introduced by ignoring
IMF sampling effects, which we will highlight where appropri-
ate and relevant.

3.6. Age and mass distributions

In a series of recent papers, we developed a sophisticated
tool for star cluster analysis based on broad-band SEDs,
AnalySED, which we tested extensively both internally (de
Grijs et al. 2003a,b; Anders et al. 2004b) and externally (de
Grijs et al. 2005), using both theoretical and observed young
to intermediate-age (. 3 × 109 yr) star cluster SEDs, and the
galev SSP models (Kurth et al. 1999; Schulz et al. 2002). The
accuracy has been further increased for younger ages by the in-
clusion of an extensive set of nebular emission lines, as well as
gaseous continuum emission (Anders & Fritze-von Alvensleben
2003). We concluded that therelative ages and masses within
a given cluster system can be determined to a very high accu-
racy, depending on the specific combination of passbands used
(Anders et al. 2004b). Even when comparing the results of dif-
ferent groups using the same data set, we can retrieve any promi-
nent features in the cluster age and mass distributions to within
∆〈log(Age/yr)〉 ≤ 0.35 and∆〈log(Mcl/M⊙)〉 ≤ 0.14, respec-
tively (de Grijs et al. 2005), which confirms that we understand
the uncertainties associated with the use of our AnalySED tool
to a very high degree – provided that our sample clusters have
well-populated IMFs.
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Fig. 9. (top left and bottom left) Age and mass distributions of the
clusters in the M82 starburst core, based on the straightforward
application of SED matching using standard SSP models;(top
right and bottom right: Full (1σ) uncertainty ranges in age and
mass, as a function of cluster age and mass, respectively. See the
text for details.

We therefore applied the AnalySED approach to our full set
of broad-bandUBVI cluster SEDs (we note thatU-band pho-
tometry is only available for a subset of 127 clusters), assum-
ing a Kroupa (2001) IMF (with a low-mass cut-off at 0.1 M⊙)
and Padova isochrones. Four-passband photometry is, in gen-
eral, sufficient to yield robust cluster parameters with reasonable
uncertainties (Anders et al. 2004b). However, given the highly
variable galactic background in our field of view (see Fig. 1), we
decided to fix the model cluster metallicities to the solar value,
leaving both the cluster ages and extinction values as free pa-
rameters. The shape of the broad-band SEDs constrains the ages
and extinction values, whereas the absolute flux level results in
the corresponding cluster masses. Despite the significant pho-
tometric uncertainties, generally caused by the highly variable
background, our SED matching approach was fairly successful
in converging to a reasonably well-determined set of ages: of the
152 cluster candidates selected, we obtained ages for 142.

The resulting histogram of the best-fitting cluster ages is
shown in the top left-hand panel of Fig. 9. The cluster age dis-
tribution shows a peak around log( Age/ yr ) ∼ 9, with a broad
distribution (of order 40% of the sample clusters) extending to-
wards younger ages. Whether or not the apparent peak(s) at
younger ages is (are) real depends on the uncertainties in our age
estimates.5 The AnalySED output also provides realistic (1σ)
uncertainty estimates (see Anders et al. 2004b). In the top right-

5 It is well known that broad-band SED fitting results in artefacts in
the cluster age distribution. This is predominantly causedby specific
features in the SSP models, such as the onset and presence of red giant
branch or asymptotic giant branch stars at, respectively,∼ 10 and∼ 100
Myr (e.g., Bastian et al. 2005). In addition, the peak in Fig.9 at an age
of ∼10 Myr may be an artefact caused by the rapid evolution of stellar
populations around∼10–30 Myr (e.g., Lee et al. 2005).

hand panel of Fig. 9 we visualise the full uncertainty rangesfor
all our clusters, as a function of age. We emphasise that these
uncertainties represent the full range from the minimum to the
maximum ages allowed by the fitting routines; because of the
logarithmic representation, we note that the uncertainty ranges
are asymmetrical, however, so that it is impractical to showaver-
age values. As an aside, we also note that our results are not dom-
inated by the age-extinction degeneracy inherent to the useof
broad-band photometry, given that there is no discernible trend
between the resulting cluster ages and their extinction values (a
trend would be expected if this degeneracy were important).The
use of both theU-band filter and a red optical passband (I) min-
imises any residual age-extinction degeneracy (e.g., Anders et
al. 2004b).

We will now use these uncertainty estimates to provide an
independent cross-check on the accuracy of our age determina-
tions. Cluster A1 was found to have an age of 5.2 ± 1.5 Myr
(and E(B − V) = 0.85+0.05

−0.65 mag), which is – given the uncer-
tainties – in good agreement with the age estimate of 6.4± 0.5
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
(2.0± 1.0 Gyr; for E(B − V) = 0.60+0.10

−0.20 mag) is also consistent
with previous age determinations: Smith et al. (2006) derived
log(Age yr−1) = 8.54± 0.8 for E(B−V) = 0.97± 0.51 mag (see
also Smith et al. 2007), while de Grijs et al. (2001, 2003c) ob-
tained log(Age yr−1) = 9.7–9.76 based on a small to negligible
amount of extinction.

For completeness, the bottom left-hand panel of Fig. 9 shows
the corresponding mass distribution of the nuclear M82 clusters
in our sample. This shows that there is a broad distribution of
cluster masses around 105 M⊙, not too dissimilar to the cluster
mass distribution in the post-starburst region ‘B’ some 0.5–1.0
kpc from the centre of M82 (e.g., de Grijs et al. 2001, 2003c).
Although there is a non-negligible fraction of clusters more mas-
sive than∼ 106 M⊙ (which may, hence, qualify as SSCs), there is
also a significant complement of fairly low-mass objects, down
to ∼ 103 M⊙. The bottom right-hand panel shows the full mass
ranges obtained for our sample clusters from the AnalySED fits,
in a similar visualisation as shown in the top right-hand panel
for the age uncertainties. A quick comparison of the generaldif-
ferences between both right-hand panels shows that, indeed, the
average uncertainties in the cluster masses are relativelysmaller
than those for the ages, at least for masses>∼ 105 M⊙ (in support
of de Grijs et al. 2005).

3.7. Constraints from Hα imaging

We are fortunate in also having obtained an Hα image of the
galaxy’s starburst core. The addition of Hα photometry allows
us to determine the number of sample clusters showing an Hα

excess, which in turn will help us to constrain the cluster ages
to <∼ 8 Myr. Of the 152 clusters in our sample, nineteen show a
clear Hα excess exceeding the 1σ photometric uncertainties of
the clusters’ total Hα flux. This relatively small number does
not necessarily imply that most objects are faint in Hα flux,
but rather that the photometric uncertainties are generally sig-
nificant due to the highly variable background (see Fig. 1). For
those clusters with a statistically significant Hα excess, the cor-
responding ages based on their broad-band SEDs are in all cases
consistent with them being younger than∼ 10 Myr.

Of these 19 clusters with a significant Hα excess, twelve
are located in or near region C. This is consistent with the ob-
servation that region C might be the youngest part of the star-
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burst (Section 2.2), although our age resolution does not al-
low us to conclude this robustly; for all practical purposes, we
may assume that regions A and C are of similar (young) age
(see also O’Connell & Mangano 1978; O’Connell et al. 1995).
Alternatively, region C may represent the actual core region gen-
erating the minor-axis Hα ‘plume’ coincident with the minor-
axis ‘superwind’ (cf. McCarthy et al. 1987; O’Connell et al.
1995; Westmoquette et al. 2007b). The right-hand panel of Fig.
4 shows the distribution of the Hα excess across the entire re-
gion. In this representation, region C clearly stands out inHα
emission, so it may indeed be the youngest core region.

4. Summary and Discussion

We have presented high-resolutionHST/ACS imaging in four
filters (Johnson-Cousins equivalentB,V, andI broad bands, and
an Hα narrow-band filter), as well as subsequently acquiredU-
band images, of the nuclear starburst region of M82. The high
spatial resolution of theHST images has allowed us to explore
the central area of this galaxy in unparalleled detail. We find a
complex system of∼150 star clusters in the inner few 100 pc
of M82, encompassing sections A, C, D, and E (O’Connell &
Mangano 1978). At face value, the resulting cluster age distribu-
tion gives us a strong handle on the global star cluster formation
intensity across the galaxy’s core region, which can then becom-
pared to the field-star formation history.

As the archetypal local starburst galaxy, M82 is believed
to have undergone a tidal interaction with its neighbour, M81,
∼ 108 yr ago (e.g., Gottesman & Weliachew 1977; O’Connell &
Mangano 1978; Lo et al. 1987; Yun et al. 1993, 1994), provid-
ing the means of activation of the intense episodes of starburst
activity witnessed in M82. It has been suggested that this inter-
action led to the ISM of M82 experiencing large-scale torques,
coupled with a loss of angular momentum as it was transferred
towards the dynamical centre of the galaxy (FS03; also based
on numerical simulations: e.g., Sundelius et al. 1987; Noguchi
1987, 1988; Mihos & Hernquist 1996). This led to an increased
cloud-cloud collision rate in the disk of the galaxy, and large
amounts of material accumulating and undergoing compression
in the innermost regions, perhaps resulting in the first starburst
episode (FS03).

We find (tentative) evidence of an enhanced cluster-
formation epoch associated with the first starburst event (al-
though we caution that the age uncertainties are significant), be-
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 any
strong evidence6 of enhanced star cluster formation at an age
of ∼ 5 Myr, however, believed to be the epoch when the more
recent starburst event transpired in the region (FS03; supported
by Smith et al. 2006). Perhaps this is due to the relatively small

6 The apparent peak in Fig. 9 at an age of∼10 Myr is most likely
due to the residual effects of (i) the age-extinction degeneracy (which
is particularly important at these young ages), and (ii) thefact that
the youngest isochrone included in the AnalySED tool is of an age of
2.5 × 106 yr, with limited age resolution at these ages. In addition, we
remind the reader that we have adopted a fixed, solar metallicity, which
may also give rise to a small age-metallicity degeneracy (inview of the
variability of the galactic background and the associated photometric
uncertainties, it is impractical to introduce an additional free parameter
in the fits; the metallicity is expected to be least variable of our choice
of possible free parameters). The consequence of these effects is that
the youngest clusters tend to accumulate close to the lower age cut-off,
and hence this peak should be taken with extreme caution (see, e.g., de
Grijs et al. 2003a for a detailed analysis).

region studied here, in that it could be possible that the clusters
analysed are not spatially associated with the more recent star-
burst event.

Förster Schreiber et al. (2003) indeed suggest that the two
events took place in different regions, with the first happening
in the centre of M82 and the second occurring predominantly
in a circumnuclear ring and along the stellar bar. Alternatively,
it could be the case that cluster formation is not always coin-
cident with enhanced star-formation episodes. This type ofsce-
nario is, in fact, not unreasonable to expect, as evidenced by, e.g.,
the observed disparities between the cluster and field-starage
distributions in the Magellanic Clouds and in NGC 1569 (see
Anders et al. 2004a for a discussion regarding the latter galaxy).
In particular, the Large Magellanic Cloud exhibits a well-known
gap in the cluster age distribution, yet the age distribution of the
field stellar population appears more continuous; the field-star
and cluster formation histories are clearly very different (e.g.,
Olszewski et al. 1996; Geha et al. 1998; Sarajedini 1998; andref-
erences therein). Although the case is less clear-cut for the Small
Magellanic Cloud, Rafelski & Zaritsky (2005) provide tentative
evidence that the cluster and field-star age distributions are also
significantly different in this system (see also Gieles et al. 2007).

We caution, however, that our cluster age estimates may be
severely affected by IMF stochasticity, given that the luminosi-
ties of most of our sample clusters imply that their mass func-
tions are not fully sampled up to the most luminous stars in-
cluded in the theoretical stellar isochrones. We show the effects
of statistical IMF sampling issues in colour-colour space.This
should be taken as a strong warning to anyone (including our-
selves) attempting to apply standard SSP analysis to integrated
cluster photometry of any but the most massive star clusters. As
a consequence, the age estimates derived based on standard SSP
analysis should be taken with extreme caution. It is most likely
that our straightforward SSP-based age determinations areaf-
fected by (i) residual effects due to the age-extinction degener-
acy, despite the availability ofU-band and Hα observations, and
– more importantly – (ii) significant stochastic effects.

It is our intention that this paper be taken by the commu-
nity as a strong warning to consider stochasticity in the IMFfor
young clusters with undersampled stellar mass functions much
more seriously than has been done to date (including by our-
selves; e.g., de Grijs et al. 2003a,b).
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