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ABSTRACT

Context. Size measurements of young star clusters are valuablettomlss constraints on the formation and early dynamicalugiah

of star clusters.

Aims. We useHST/ACSobservations of the spiral galaxy M51k435W F555WandF814Wto select a large sample of star clusters
with accurate ffective radius measurements in an area covering the contgfigetef M51. We present the dataset and study the radius
distribution and relations between radius, colour,/artararm region, galactocentric distance, mass and age.

Methods. We select a sample of 769B435W), 6846 F555W) and 5024 F814W) slightly resolved clusters and derive thefifeetive
radii (Rer) by fitting the spatial profiles with analytical models colwaa with the point spread function. The radii of 1284 cluste
are studied in detail.

Results. We find cluster radii between 0.5 ard 0 pc, and one exceptionally large cluster candidate Rith= 216 pc. The median
Rer is 2.1 pc. We find 70 clusters in our sample which have coloonsistent with being old GC candidates and we find 6 new “faint
fuzzy” clusters in, or projected onto, the disc of M51. Theiua distribution can not be fitted with a power law similattie one for
star-forming clouds. We find an increaseRg with colour as well as a higher fraction of clusters wighV > 0.05 in the interarm
regions. We find a correlation betweBg: and galactocentric distancBd) of the formRe; o« R&2092 which is considerably weaker
than the observed correlation for old Milky Way GCs. We finchleelations between cluster luminosity and radRg: oc 015002

for the interarm regions anfy; o« L2100 for the spiral arm regions, but we do not observe a correldigiween cluster mass and
radius.

Conclusions. The observed radius distribution indicates that shortlgrahe formation of the clusters from a fractal gas, thei mefdi
the clusters have changed in a non-uniform way. We find teatavidence suggesting that clusters in spiral arms are gmmnpact.

Key words. galaxies: individual: M51 — galaxies: star clusters

1. Introduction However, for individual star clusters that emerge from the
o i star forming cloud&lumps, a relation between mass and radius
One of the most striking questions related to star clusten® s not present (Van den Bergh et lal. 1991; Bastianlét al. 2005b
tion concerns the transition from the densest parts of the Stjordan et 2l 2005) or at least strongly weakenied (Zepf et al
forming Giant Molecular Clouds (GMCs) to the clusters thaiggg: [Hunter et 4l 2003; Mackey & Gilmore 2003: Lafsen
emerge from them. Observations show that the masses amd 1ggp4:[| ee et al. 2005). Since this is already the case for very
of clouds follow a clear relation of the forReuc « Mgic young clusters, it indicates that during, or shortly after (
(e.g.[Larson 1981; Solomon et al. 1987) down to the scale p§ Myr) the transition from clouds to clusters the mass/and
the star forming clumps_(Williams etial. 1995). Such a relahe radius of the objects change.
tion is expected for self-gravitating clouds, which are inal ] ) )
equilibrium and pressure bounded by their surroundings (e. _These changes in mass godradius are likely to be
Elmegreerl 1989). The same mass-radius relation is obser{@#ected in changes in the mass and raddistributions
for complexef multiple clusters|(EImegreen & Salzer 1999(Ashman & Zepfi 2001). On the one hand, however, the mass
Elmegreen et al. 2001; Bastian et/al. 2005a). Ellipticahgigis distributions of both clouds and clusters show great simila
and very massivex{ 10°5 M,,) stellar clusters follow a simi- ities. Both can be approximated by power laws of the form
lar relation R o« M%%2 (Hasegan et al. 2005)), which advocated(M)dM o M~dM, with the indexa in the range of 1.5-2.0

a possibility of forming very massive clusters by merging d€€ Sanders etlal. 1985: Solomon et al. 1987; Harris & Pudrit
low mass clusters (Fellnauer & Krotipa 2005; Kissler-Patiale 19941 Brand & Wouterloot 1995; Elmegreen & Falgarone 1996;

2006). Fukui et al.. 2001 for clouds and see €.9. Zhang & [Fall 1999;
Ashman & Zepf| 2001; Bik et all 2003; de Grijs et al. 2003;
Send @print requests to R. A. Scheepmaker, e-mail: Hunter et al. 2003 for clusters). Recently, some studies hav
scheepmaker@astro.uu.nl found evidence for an upper mass truncation of the clustssma
* Based on observations made with the NABSA Hubble Space distribution Gieles et all (2006a); Dowell et al. (2006),ighis
Telescope obtained from the data archive at the Space TelescogtsO found for the mass distributions of GMCs_(Rosolowsky
Institute. STScl is operated by the association of Unidessifor [2005). On the other hand, the radius distributions are ledb w
Research in Astronomy, Inc., under the NASA contract NAS585.  constrained, especially for extra-galactic star clustérave
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approximate the radius distributions by a power law of th&ble 1. Overview of the filters and exposure times used. The
form N(R[dR « R™dR, the average value of the index forimiting magnitude is for a point source with1$= 5.

GMCs is observed to be = 3.3 + 0.3 (Harris & Pudritz 1994;
Elmegreen & Falgarone 1996), consistent with the gas having

a fractal structure with a fractal dimensign- 1 = 2.3 + 0.3 Filter Exposure time Limiting magnitude
(Mandelbrot 1983; Elmegreen & EImegreen 2001). For young F435W 4x680s=2720s 27.3m
clusters in NGC 3256 Zepf etlal. (1999) find~ 3.4, while FS55W 4x340s=1360 s 26.5m
Bastian et al. (2005, from now on referred to as “B05") find F814W ~ 4x340s=1360s 25.8m

n = 2.2 + 0.2 for star clusters in the disc of M51. Thisfidir- FES8N+N[II] 4 x 680 s=2720 s -

ence, however, seems to be caused by the erroneous addition o
+1 to the index in the result 6f Ashman & Zepf (206).

Our understanding of whether or not the mass and radius
distribution of clouds and clusters are similar, and to \uhie-
gree, is directly coupled to our understanding of star fdiroma 2. Observations, source selection and photometry
and the early evolution of star clusters. Besides that,ibless .
explanations for the lack of a mass-radius relation forteiss 2-1- Observations

which change the mass abdthe radius of the clusters in a nonyye make use of thelST/ACSdataset of M51 (NGC 5194, a late
uniform way, are likely to iect the mass and radius distributiongyne Spc galaxy), taken as part of the Hubble Heritage Prijec
(Ashman & Zegf 2001). It is therefore important to put bettejanyary 2005 (proposal ID 10452, PI: S. V. W. Beckwith). The
constraints on these distributions, and in this work we feius  gataset consists ofCSpointings using the Wide Field Channel
on the radius distribution of young star clusters. (WFC) in F435W(~ B), F555W(~ V), F814W(~ |) andF658N

In the study presented here we exploit the superb resoluti§)~n Ha), with 4 dithered EXpOSUres per filter, as iS. Summarized
and large field-of-view of the neMST Advanced Camera for'" Tablel. The observations were reduced and drizzled im¢o o

SurveygACS observations of M51, taken as part of the HubbI§10S&iC image by Mutchler etial. (2005). In summary, the stan-
Heritage Project. These observations allow us to measere iRrdACSpipeline (CALACS) was used for bias, dark and flat-

radii of a large sample of clusters in an area covering, fefidst 1€!d corrections of the individual dithered images. Thereoted
dmages were then combined into one mosaic image using the

JultiDrizzle task (Fruchter & Hodk 2002; Koekemoer et al.

at a 005” resolution. In this work, which is the first in a serie 3 - - i Y
of papers, we present the dataset and we study the radids di€202), Which also corrects for filter-specific geometrictalis

bution for the complete cluster sample and for cluster sasmpH©N: osmic rays and bad pixels. For a complete descrififon
with a different background surface brightness (“background r@-e datasef[ we refer [o Mutphler ef al: (2005) and the M51 mo-
gions”). The diferences in background regions are likely to re3aic Website Kttp://archive. stsci.edu/prepds/m51/).
flect differences in environmental conditions, which could haJe?r details on the standard pipeline processing we refefeo t
an impact on the early evolution of star clusters. ACS Data HandbootPavlovsky et al. 2005).
The resulting mosaic image covers a region of 43810”

The radii of star clusters in M51 have already been studigd 17.5 x 24.8 kpc) with a resolution of 2.0 pc per pixel,
by BO5 and Lee et al. (2005). However, these studies used lowghere we assumed a distance modulumef M = 29.62 from
resolutiorHST/WFPC2data and were not covering the completeeldmeier et &l (1997), i.e. a distance af80.6 Mpc. The cov-
disc. Besides this, we useffifirent selection criteria for the clus-ered region is large enough to include the complete spisalafi
ters than BO5, based on the clusters actually being resalvdd M51, as well as its companion NGC 5195 (a dwarf barred spiral
clearly separated from nearby contaminating sources.iitbco of early type SBO), while at the same time the resolution iscgo
nation with the larger field-of-view and the higher resalutof enough toresolvestellar cluster candidates, i.e. to distinguish
the ACSdata, this leads to a larger sample of clusters, dividedtihem from stars by measuring their sizes and comparing these
different background regions. the Point Spread Functio(PSF) of theHST/ACScamera.

The structure of this paper is as follows:§i] we describe
the dataset, the selection of sources and background eegimh 2.2. Source selection
the photometry. The radius measurements are describg&@in _
and in§ @ we describe experiments with artificial clusters to d&=0r_source _selection we used the SExtractor package
termine the accuracy and detection limits of our methods. O(Bertin & Arnouts| 1996, version 2.3.2). SExtractor first gen
selection criteria and a description of our cluster sampie €S & background map by computing the mean and standard de-
presented ir§ B, followed by a comparison betwe&CSand viation of every section of the image with a user def_lned grid
WFPC2data in§ [6. The radius distribution is presented§ify, S!2€ for which we choose 10 10 pixels. In every section the
and we search for correlations between mass, radius anc-gal@c@l Packground histogram is clipped iteratively untieeyre-

tocentric distance i§ 8. In §3 we finish with the summary and Maining pixel value is withint30- of the median value. The
conclusions. mean of the clipped histogram is then taken as the local back-

ground value. Every area of at least three adjacent pixels th
exceeded the background by at leastvias called a source. For
details on the background estimation and the source satecti
1 Fitting a function of the form lodd(r) = a+ b - loa() results in  We refer to the SExtractor user r_nanual (Bertin & Arnouts )996
b=—n I—?owever, using Iogarithmicggi(nzl)ing, one fitsgljdg&(og(r))) — or|Holwerda|(2005). The coordinates of the sourceE485W
a+b- |Og(r), in whichb= 1 - n. This extra term+1 can eas”y cause F555Wand F814WWere matChed and Only sources that were
confusion when comparing fiierent distributions. Also see B05 anddetected in all three filters within two pixel uncertainty nere
Elmeareen & Falgarohé (1996). kept. This resulted in a list of 75436 sources, includings€lu
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ter candidates but also many stars and background gala¥ees.
did not apply any selection criteria based on shape, shasmre
size during the source selection with SExtractor. Howene§{5
we use individual radii measurements to select a large saaipl
cluster candidates from the source list.

2.3. Background selection

In order to study any possible relations between radius and e
vironment, and to perform completeness and accuracy tests f
different background levels, we divided the image in three re:
gions according to the background surface brightness.éeThes
background regions were selected by smoothind-&&E5Wim-

age with a boxcar average of 200 pixels. Consequently, pixel
with a value< 0.19 e /s (corresponding to a surface bright-
nessu > 2102 mag arcse@) were flagged “low background”.
Pixel values> 0.19 € /s and< 025 e/s (2072 < u <
21.02 mag arcse®) were flagged “intermediate background”
and pixels with a value: 0.25 € /s (u < 20.72 mag arcseg)
were flagged “high background”. These values were chosen be
cause they resulted in a contour map, shown in[Big. 1, in whict
the high background region clearly follows most of the inner
spiral arms, covering most areas that would be marked “higt
background” if the selection would take place by eye. The “in
termediate” region should be considered as a transitioilomeg
to clearly separate cluster samples within a low and highk-bac
ground region.

2.4. Point spread function Z, 7 HCH

For our photometry, radius measurements and artificiatedus

experiments we need a filter dependent PSF. Since theretare r

enough bright, isolated point sources in the M51 mosaic énag

to determine the PSF accurately, the PSF was observagiongllg. 1. The contours outlining the three background regions, su-

determined from a crowded star field on a drizzled image pkrimposed on thelST/ACSmosaic image in thE555Wpass-

the Galactic globular cluster 47 Tuc (NGC 104ST proposal band. The solid lines enclose “high background” regiond @n

G0-9281, PI: J. E. Grindlay). For each filter a separate P3F Watything outside the dashed lines indicates the “low bamigd”

determined. regions. The regions in between solid and dashed lines heel ca
With drizzled data, the size of the PSF depends on the chofagermediate background”.

of the drizzle kernel and the accuracy with which the flux from

multiple images is combined. We note that the image of 47 Tuc

was drizzled in a slightly dierent way than the M51 image.offsets between our measured radii and the radii of some custer
The 47 Tuc images were drizzled using a square kernel withi@it were independently measured by B05 usMigPC2data.
size of one pixel (i.e. pixfrac= 1.0 (Eruchter & Hook 2002)), We can therefore use the empirical PSF from the image of 47 Tuc

while a Gaussian kernel with pixfrae 0.9 was used for M51. and we will use as a lower-limit for the measuieg a value of
Therefore, we expect somefigirences between the PSFs, witlp. 5 pc.

the M51 PSF possibly being larger than the 47 Tuc PSF. This

could lead to an overestimation of the measured radii. Hewev

tests by Larseén (20D4) have shown that the lower limit down &?5- Photometry

which Ishape can detect a source as being resolved 18%

of the FWHM of the PSF. At the distance of M51 and with %A(/)irg:n;i%rtnlﬁ?ng F:ﬁg uere Bc:grgﬁtgr%najlgéheé \?v%uacseesd |2 éhe

FWHM of the ACS PSF of-2.1 pixels, this corresponds to an_; : ; .
effective radius Rer) of ~0.5 pc. We indeed find a very Stronggé?lljsg?rltgrpeixr;?gidag(\jlv%tl?]agfkgg)iggg annulus with an inner

peak in theRy; distribution of all the measured sources below The a -
¢ - I ; perture correction (AG-) for resolved sources from
0.5 pc, consistent with the majority of the sources (faiatst the 5 pixel aperture to 10 pixels(0.5") depends on the size

being fit as point sources. of the source. Larger sources will have more flux outside the

This peak of point sources implies that the measured raglii Fheasuring aperture, and therefore need a larger (i.e. neg@ n

not biased towards larger values. We therefore conclude that m/e) aperture correction. We measured the aperture dinsc
empirical PSF we use, although drizzled in a slightlffetient

way than the image of M51, isottoo small. It shows that other 2 The |mage Reduction and Analysis Facility (IRAF) s distrid by
effects on the PSF, like combining the flux of multiple separagge National Optical Astronomy Observatories, which arerafed by
images, are more important than théfeliences in the drizzle the Association of Universities for Research in Astronomy,, under
parameters. I§[6we also show that there are no large systematiooperative agreement with the National Science Foundatio
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on artificial sources with dlierent éfective (i.e. projected half- F435W
light) radii between- 1 pc and~ 5 pc, generated by the BAOlab Q.4 o T ]
packagel(Larsen 1999, 2004). For these artificial sources we ? 1
used Madtat profiles ((Mdtat|1969) with a power-law index of , 1
—-1.5, which we convolved with the filter dependent PSF of the 03F ACesr = —0.045 — 0.043+R >
HST/ACS The aperture correction was then measured by com- ; T

paring the photometry between a 5 and 10 pixel aperture. o "’
The measured aperture corrections in all the three filters E ook e 3
(F435W F555WandF814W) show a clear linear relation with D TTE e 1
the measured size of the analytical cluster. Eig. 2 showsehe 2 : el
sults for F435W The relations between AG» and measured ‘ : o ]
effective radius Reg) for the diferent filters can be written as: 0.1F 7
AC, . ;’// ]
F435W: —25_ = _0,045- 0.043 (@) f ]
mag pcC (O 0] L, L, L, L, Lo, ]
AC. 0 1 2 3 4 5 6
F555W: —22_ = _0.045- 0.042- (E) (1) Rer (p)
mag pc
ACqs" Rerr Fig.2.Th t ti
Mo”0 B [ Rert ig. 2. The aperture correction (AG) for the flux between a 5
F814w. mag 0.057-0043 ( ) and 10 pixel £ 0.5”) aperture iF435W versus the #ective ra-

diusRg of analytical sources at the distance of M51 (diamonds).
For a source which has a typical measured size of 3 pc§Ee The dashed line is a linear fit to the data of the form of[Eq. 1.
this corresponds to an aperture correction-6f17, -0.17 and
—-0.19 mag inF435W F555WandF814W respectively. _ ) ) )

We could use Eq1 to apply a size-dependent aperture c@wr F814Wphotometry, since clusters in the spiral disc of M51
rection to every source based on their radius measureméig mainly blue objects and the red haliteet is most significant
However, this could introduce new and unknown systematic u@r very red objects observed in tk@50LPfilter. Using Tables
certainties due to the limitations of the radius measureésagvie 6 and 8 from Sirianni et all (2005) we estimate that the error i
therefore decided to use a fixed aperture correction, detecm the infinity correction for ouF814W photometry would be of
for a 3 pc source. We are aware that this introduces uncéeginthe order of~ 0.01 mag, if the clusters would be red objects.
in the flux as a function of the sizes of the sour¢es (Andert et &his shows that the red haldfect has no significantfkect on
2006). We will underestimate the flux withD.3 mag for a 9 pc our photometry.
source and overestimate the flux witld.1 mag for a 0.5 pc
source (also segld)). However, it is preferred to deal with thes
systematic uncertainties of known origin rather than idtrcing
new uncertainties due to the less well determined unceigain We exploit the resolution of theCScamera by measuring the
of the sizes. Moreover, since the ¢aents in Eq[IL are very effective radii of all the 75436 detected sourcesF#35W
similar for the diterent filters, uncertainties in the aperture cor555WandF814W These radii can than be used to distinguish
rections practically cancel out when we consider colowstiad - slightly resolvedstellar cluster candidates from stagdH) and
of fluxes. Nevertheless, when necessary we will mention haw study the size distribution of a large sample of stellaster
our results change if we use the size-dependent apertueceorcandidates§[7). With “slightly resolved” we mean that the clus-
tions. ter candidates have an intrinsic size which is comparabte to

The filter dependent aperture corrections frofd’0to in-  smaller than the FWHM of the PSF.
finity (the “infinity corrections”) were taken from Table 5 of  For the radius measurements we usedIibkeape routine,
Sirianni et al. |(2005), which were determined for point ®&st which is part of the BAOlab package (Larsen 1999, 2004).
In principle, with these infinity corrections for point sees we Ishape convolves analytic profiles for the surface brightness
are slightly underestimating the infinity corrections fesolved distribution of a cluster with dierent éfective radii with the
sources. However, i§ [4 we will show, using artificial cluster PSF and then fits these to each source in the data. The best fitti
experiments, that with the infinity corrections for poinustes Ry is then determined by minimizing the in an iterative pro-
we are not introducing systematiffsets in the photometry for cess. For the analytic profiles we used the same ones as for the
3 pc sources. measured aperture corrections describe§fdd, namely Mdéat

A final correction for Galactic foreground extinction ofprofiles with a power-law index 6f1.5 (i.e. a Mdfat 15 profile).
E(B-V) = 0.038 in the direction of M51 was applied, according hese profiles were found to be the best-fitting profiles tawpu
to Appendix B of Schlegel et al. (1998). This correspondsto &tellar clusters in the LMC (Elson et|al. 1987).
additional correction ifF435W F555WandF814Wof —-0.152, Because the M5ACSdata was drizzled, the cores of the
—0.117 and-0.068 mag, respectively. surface brightness profiles of the young clusters in M51 aoul

We did not apply any CTE corrections, since on the drizzldthve been slightly changed. We did not quantify tHie&, but
mosaic image the exact location of every source on the CCDinstead stick to the M@at 15 profiles, since the outer regions of
not easily retrieved, nor did we do photometry on the sinigée ( the profiles, which in the case of Mat 15 profiles approximate
“un-stacked”) exposures, both of which are necessary wueal power laws, are not expected to change.
late the CTE corrections. We have estimated the CTE cooresti  The average surface brightness profile of Galactic globular
to be of the order 0£0.02 mag and therefore ignoring them doeslusters (GCs) is a King 30 profile (King 1962; Harris 1996).
not lead to large systematitfects. We also did not apply a cor-Tests by Larsen (1999) have shown that when clusters that fol
rection for the impact of theed halo (Sirianni et al! 2005) on low a King profile are measured using a Wai 15 profile, the

e?z. Radius measurements
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effective radius is reproduced quite well. Therefore, evemén t 10E — E
case where the true profiles of stellar clusters in M51 arpait 08f po - :;:___\-;_\\ 3
fect Moffat 15 profiles, the use of this profile will likely not lead 06F — 3 SN
to large systematic errors. 04F - 3 E
The radii of the sources were measured using the flux within g 8;% E ——- 9 K

a 5 pixel radius around the centre of the source (i.e. using an © ; ot E
Ishape fitting radius of 5 pixels). To avoid neighbouring sources = ogf | 3
to affect the radius measurements, we rejected all sources which v 065 — 3 E
have a neighbour in the original source list within 5 pixede€ 5 04p —7 ?, 3
§ B for a full description of the applied selection criteria). § 0&E —— 9 3
Since stellar cluster profiles are almost never perfectigsp £ 10 3
ically symmetric, we fitted them with elliptical profiles. We osf 3
transformed the measured FWHM (in pixels) along the major 06EF — 3 pc NN 3
axis into an &ective radius according to the formulae from the 045 —-- 2 gg AN E
Ishape user’s guide: 02 —_ 9 pc High background N Y
18 20 22 24 26

Rer ~ 0.5(1+ ratio) x 1.13x 2.036- FWHM,

Input F435W Mag.

which givesRes in parsecs. The factor 2.036 accounts for th
size of a pixel in parsecs at the distance of M51, the fact8 .
the conversion factor from FWHM 8. for a Moffat 15 profile
and the term B(1+ ratio) is a correction for the elliptical profile
(using the derived aspect ratio). Because of the corredtion
ellipticity, Eq.[2 gives the radius of a circular aperturetaning
half the total light of an elliptical profile. This way we hage
single value for the fective radius of elliptical sources and we
still preserve information about the aspect ratios andtiposi
angles of the sources for future studies.

Eig. 3. The recovered fraction of artificial clusters as a function
of magnitude andRs¢ for the three background regions on the
F435Wimage (i.e. “completeness profiles”). The horizontal dot-
ted line indicates where 90% completeness is reached. Tge ma
nitudes at which the completeness profiles reach this 90% com
pleteness limit are summarized in Hig. 4.

The artificial clusters were recovered by running SExtnacto
followed by photometry in all three filters and by perform-
ing size measurements 35WandF555W For F435Wand
F555W we considered a cluster to be recovered when we found
a resolved source (i.e. withRyy larger than our adopted lower
To test how our selection of stellar cluster candidagdS)(de- limit of 0.5 pc (see§ [B) and ay? which is lower than thg?
pends on the brightness and size of the cluster and the baaking only a PSF) within 1 pixel from the input coordinate and
ground region, and how accurate our radius measurements aiigh a distance to the nearest neighbouring sourcesopixels.
we performed tests with artificial clusters for all threeefitt, dif- For F814Wwe considered a cluster to be recovered when we
ferent background regions andféirent cluster sizes. The resultdound a source within 1 pixel from the input coordinate anthwi
of these tests will be used §H to select a sample of stellar clus-a distance to the nearest neighbouring sourceSopixels. The
ter candidates with accurate radii. recovered fraction as a functionie435Wmagnitude for the dif-

First we created artificial clusters using the MKCMPPSferent background regions and input radii is plotted in Bid-or
and MKSYNTH tasks, which are part of the BAOlab packagte F555WandF814Wpassbands the results are similar, except
(Larsen 1999). For every filter we convolved the PSF with that the turn-é of the completeness curves happens at brighter
MofTat profile with a power-law index 6f1.5 and dfective radii magnitudes due to a lowey$ratio of theF555WandF814W
between 1 and 9 pc, in steps of 2 pc. These artificial clustetata (see below).
were then scaled to a range of magnitudes between 18 and 26The recovered fraction shown in Fid. 3 is scaled to the num-
mag with steps of 0.5 mag. For every magnitude 100 clustdrsr of clusters recovered at magnitude 18. We note, however,
were added at random locations to every background regiontbat a certain fraction of even the brightest artificial tdus is
the mosaic image by combining MKSYNTH with tiearith not recovered due to their vicinity within 5 pixels from a glei
task in IRAF. We made sure that the minimum distance betwekouring source. Our completeness tests show that thesa init
these random locations was at least 30 pixels, in order notlésses will be~3, ~13 and~28% for the low, intermediate and
introduce artificial crowdingfects. high background, respectively. This shows that due to cihogvd

We then performed the cluster selection on these sour@f&cts one can never select a sample which is 100% complete.
in a similar way as with the normal data. We performed thefepending on the selection criteria and background regioe,
tests for every filter individually, since taking into acetdhe will lose up to~28% of the initial sample present in the data.
matching of every source in three filters, as we did with the noThis number will be even higher when one considers that young
mal data, would imply creating artificial clusters with a gen clusters are not randomly distributed across the spiral, dist
of colours (i.e. ages) for every magnitude, drasticallyéasing will mostly be clustered themselves in high backgroundorsi
the computing time. However, by comparing analytical spgct  Fig.[3 shows that larger clusters are harder to recover than
energy distributions (SEDs) from GALEV simple stellar ptggu  smaller clusters with the same brightness. This is expesiiece
tion (SSP) models (Schulz et/al. 2002) to the measured dmtectiarger clusters have a lower surface brightness, which make
limits, we tested that for cluster ages up~tb Gyr, theF814W them easier to blend into the background. We define the mag-
filter is always the most limiting filter for detecting clusteWe nitude at which 90% of the artificial cluster was recovered to
therefore do not expect that using the results of theseftasts  be the 90% completeness limit. The values we found this way
dividual filters is introducing large age-dependent biasebe for the diferent filters, cluster sizes and background regions are
derived detection limits. plotted in Fig[4.

4. Artificial cluster experiments
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Fig.4. The 90% completeness limits versufieetive radius Fig.5. The median (top), 68th percentile (middle) and 90th per-

(Resr), determined foF435W F555WandF814Wfor the three centile (bottom) of (see Eq.B) versus435Wmagnitude for the

background regions. artificial clusters with dferent radii in the high background re-
gion. Below the horizontal line the uncertainty of the radéa-
surements is smaller than 20%, which is achieved for more tha

For our current study, where we look at the radius distribggos, of the clusters up to 9 pc brighter thE#35W= 22.6 mag
tion of stellar clusters, it is not only important to detekisters (ingicated by the arrow).

by measuring their radii, but the measured radii also haveto
accurate. To test the limitations of our radius measuresperg
looked at how the dierence between input and measured radius —_— —_—

of the artificial clusters depends on magnitude, input sizé a L[ 1 pe Hioh Backeround
background region. In Fi§] 5 we plot the 50th (i.e. the megian LSl 3pe € €
68th and 90th percentile @f versus the magnitude iR435W I 5 pc
where we defing as the relative dierence between input and _ qob| s 7 pe a1
measured radius: o [~ 9 pe
=

5 = IRettin = Renoul @) = osp

Reﬂf,in E
We note that theth percentile is the value such tha of the 2 Lok
observationsd) is less than this value. Figl 5 shows for exam- ;
ple, that when we select cluster candidates WHlI35W < 22.6 I
mag,~68% of the sample will have a radius uncertainty smaller -0.51
than 20%. The figure also indicates that the radius measure- e
ments are the most limiting factor in the detection of stadlas- 18 20 29 o4 26
ter candidates: at the 90% completeness limit for a 3 pc sourc Input F435W Mag.

(F435W= 24.2 mag), about 50% of the recovered sources are

likely to have inaccuracies in their radarger than 25-40%. Fig. 6. The mean dference between the measured magnitude
Therefore, in§ Bl we will select magnitude limits iF435Wand  and the input magnitude of the recovered artificial clusters
FS55W brighterthan the 90% completeness limits of these pasgysF435wmagnitude for diferent sizes in the high background

bands. Since we will not use the radius measurements in fgion. The truncated line for the largest and faintesttehss
F814Wpassband, in this passband the 90% completeness lijians none of these artificial clusters were recovered.

will be used in the selection of the sample.

We also used the results of our artificial cluster experiment ] ) ) )
to test the robustness of our photometry and the accurateof tS N0 information about the radius of the cluster, the uracety
applied aperture corrections describe§5. In Fig[® we show N the photometry can be as large-a8.5 mag for clusters with
the mean dference between the measured magnitude and {iglii in the range 1-9 pc.
input magnitude 4 mag) versug-435W magnitude for dfer-
entsizes in the high background region. We f_;lpplied the aonst?f Selection of the sample
aperture correction for a 3 pc source according tdfq. 1 amd {
infinity correction for point sources from Sirianni et al0O@) We used the radius estimates to distinguish the resolvestiechi
that we described i§ [2.3. First of all, Fig[b shows that the ap-from unresolved objects. In this section we select twiedent
plied aperture correction is very accurate, since the phety cluster samples: a “resolved sample” with clearly resobsled-
of 3 pc clusters is almost perfectly reproduced-@2.5 mag. ters, and a smaller subset from this sample, a “radius sdmple
This shows that applying the point source infinity correctio The radius sample satisfies extra criteria that make themeule
3 pc sources does not introduce systemdtisats in the photom- reliable, and will be used to study the radius distributi§ iy
etry. Second, the range coveredimag shows that when thereand the correlations between mass, radius and distgnB. (
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The resolved sample will be used in another study of the lumi- rion for our resolved sample, since sources in this sample do

nosity function of stellar clusters in M51 (Gieles etlal. B&p
Haas et al. 2007, in prep.).

The cluster selection process is hampered by various fag-

tors like an irregular background (spiral arms, dust lane)-
taminating background galaxies and crowdingeets which
causes many sources to be (partially) blended with neigtitgu
sources, biasing the radius measurements. We tried to atéom
the selection of stellar cluster candidates as much ashgessi

taking into account all these factors. However, it was uithvo 6.

able to subject the automatically selected sample to vigual
spection, to filter out any remaining contaminants or thitaste
cluster candidates of which the radii measurements couldao
trusted.

5.1. Selection criteria

1. Our first two selection criteria were concerned with the
sources actually being resolved. As mentione$iZhwe will
use as a lower-limit for the measurBd; a value of 0.5 pc,

since below this radius we observe a strong peak of unre-

solved sources (most likely bright stars). Therefore, awst fi
criterion for the selection of stellar cluster candidates \wo
select sources witRg > 0.5 pc. We applied this criterion to
the radius measurements in b&#i35WandF555W We did
not apply a criterion to the measured radiifB14W since

that would have restricted our sample too much due to the

lower signal-to-noise ratio in this passband.
2. Not only should a stellar cluster candidate be resolveehwh
we fit a Moffat15 profile, but using the profile convolved with

the PSF should also result in a better fit than fitting the can-
didate with the PSF alone. A second criterion was therefore

to use they? of the radius fit using the M@at15 profile,
which should be lower than thg% of a fit using only the

PSF:)(Z/)(% <1

After these criteria there were still many contaminantsin o
sample, e.g. patches of high background regions in betwedn d
dust lanes that were detected as a source, backgroundeglaxi

not necessarily have accurate radii measured in B4gbW
andF555W
We used the distance of every source to its nearest neigh-
bouring source as a criterion to filter out unreliable fits due
to blending or crowding. A source was rejected if it had
a neighbour within 5 pixels (the fitting radius @&hape).
Of course this method only works when both neighbouring
sources are in the original source list.
To select out the remaining blended sources and crowded
regions that were initially detected as a single sourcenwe i
spected every remaining source in our sample by eye. We
realize that this introduces some amount of subjectivity in
our sample, but we are dealing with a face-on spiral galaxy
with a high degree of irregularities in the background light
due to the spiral structure and many crowded star forming re-
gions. Therefore, visual inspection was unavoidable far ou
purpose of selecting a cluster sample with accurate radii.
We created small images in all three filters for all the sosirce
that fulfilled the above mentioned criteria, and by visual in
spection we looked for:

— the presence of a second, separate peak within a distance

of ~5 pixels
— avery irregular shape
— very small fitted aspect ratio for sources that appear fairly
circular

— crowded regions

— very steep gradients in the background light that likely
influenced the fitted radius
background galaxies
When, based on one of these points, the source was not a
clear cluster candidate with an accurately determinedisadi
we rejected the source from our sample. In Elg. 7 we show a
number of sources that were rejected together with the main
reason. For comparison we show a number of accepted clus-
ter candidates in Fid.] 8. Visual inspection removed another
24, 21 and 22% of the sources from our sample in the low,
intermediate and high background region, respectively.

blended sources and crowded regions. The next criteria were [N Table[2 we summarize the results of our sample selection

used to remove contaminants and to select only cluster carf@f the radius sample. Our finample of stellar cluster candi-
dates with accurate radii: dates with accurate radidonsists of 1284 sources, of which 57%

are located in the high background region and 25% in the low

3. Following the results of our artificial cluster experinemwe background region. From here on we will refer to this sample o
applied the following magnitude cuffs for our “radius sam- Stellar cluster candidates simply as “clusters”. The Insgenple
ple”: F435W < 226, F555W < 22.3 andF814W < 22.7. of resolved sourcesvhich does not satisfy the radiudigirence
The first two limits were chosen according to Fig. 5. Witl§riterion (criterion 4) and which magnitude cé®follow the
these limits forF435Wand F555W more than 68% of the 90% completeness limits (criterium 3), consists of 7698658
artificial clusters with input radii up to 9 pc that were reand 5024 sources iR435W F555WandF814W respectively.
trieved, had a measured radius better than 20%. IiFig. 4 Weis sample will be studied in aftierent papet (Haas etal. 2007,
see that these limits are brighter than the 90% completen&s8rep.).
limits in the high background region for sources up-8pc.
Si_nce we do not use the radii measurgment§8ﬂ4w in 5.2. Old Globular Clusters and Faint Fuzzies
this passband the 90% completeness limit for a 3 pc source
was applied. For the selection of the larger “resolved safnplTo see if there are any possible old {0 Gyr) GC candidates
we used the 90% completeness limits in all three passbanidsour cluster sample, we applied the colour crit@iaV > 0.5
F435W< 24.2, F555W< 23.8 andF814W< 22.7. andV-1 > 0.8 to our cluster sample, typical for old MW GCs.

4. We only selected sources that had an absoldferdnce in There are only 70 clusters satisfying these criteria, shgwhat
Res betweerF435WandF555Wof less than 2 pc. Tests re-the majority of our cluster sample consists of young clissteut
vealed that mostly all sources in low, homogeneous back-small fraction 0~5% is probably part of an old GC popula-
ground regions already fulfilled this criterion and a checion or highly reddened. A more detailed identification of GC
by eye showed that sources which did not pass this criterioandidates in M51 will be carried out in future studies.
were practically all contaminants due to a highly varyinglo  We note that our dataset covers the same field used by
cal background. We did not apply this sizdéfdience crite- [Hwang & Lee (2006, from here on referred to as “HL06"),
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Table 2. The selection of the sample of stellar cluster candidates
with accurate radii. The numbers indicate the amount ofcsesur
that satisfy the mentioned criterion and all the criteriantr@ed
above it, split in the low, intermediate and high backgroted

gion.

Criterion Nr. remaining
low inter high

All sources 35980 15809 23647
Ret > 0.5 pc 11064 4799 7238
Xid<1 10715 4661 7028
F435W< 225 mag
F555W< 223 mag 472 346 1301
F814W< 227 mag
IRF435W— RES55W < 2 PC 457 327 1068
No neighbour within 5 pixels 418 302 939
After visual inspection 317 239 728

Total sample: 1284

Fig. 7. A selection of F435Wimages centered on sources
that were rejected from the sample after visual inspection.
The size of each image is €60 pixels or 3x3”. Rejection
was based on the following criteria: a. neighbour too close
by, b. likely blended, ¢ & d. clearly blended, e. too irregu-
lar, f. crowded, g. interfering background, h. radius fit ba t

background and i. likely a background galaxy. 2
- m‘.s
a b c
. . -
d i f
a -~ Fig. 9. R versusV —1 colour for the total sample of 1284 clus-
™ - ™ ters. The upper-right corner of the dashed lines indicata¢h
gion of the sub-group of faint fuzzy candidates (filled @<l
’ These cuts are the same as used by Hwang &|Lee (2006) to se-
& ; lect faint fuzzy clusters in NGC 5195.
g h RS
faint fuzzy candidates are indicated in Hig. 9. The figurensho
. -.~ - that the faint fuzzy candidates indeed form a separate groap
. y a " radius-colour diagram and are not simply the largest clasie
L the tail of a continuous radius distribution.

The six faint fuzzy candidates seem randomly located in (or
. . . . ._projected onto) the disc of M51. None of the 49 faint fuzzy-can
Efég\'/\ﬁhs?ecuon do{r]lsolatedl $te"ar glust(%rhcar!mdatfes N didates of HLO6 are therefore recovered in our cluster sampl
! /that passed the visual inspection. The size of €achy,;< s hecause all these 49 candidates are fainter thanage m
image is 6&60 pixels or 3x3”. nitude limits we apply. This is expected, since we applyeath
conservative magnitude limits in order to achieve accueadiis
measurements, also for large clusters in high backgrogions
who detect 49 “faint fuzzy” star clusters around the compa(§[5.1). If we would drop our conservative magnitude limitsfro
ion of M51, NGC 5195. Faint fuzzy clusters were introduced bie selection criteria, we would have 37 of the 49 faint fueay-
Larsen & Brodie|(2000), because they formed a sub-group irdalates from HLO6 in our sample. The 12 remaining candidates
radius-colour diagram of star clusters in NGC 1023. In[Higged are removed from our sample based on “inaccurate radig-crit
showRe; versusV—| for the clusters in our sample. Six clus+ia (large radius dference betweeR435WandF555Wor ay?
ters in our sample satisfy the criteria of a faint fuzzy, nlymelargerthar)(g). The six faint fuzzy candidates in our sample are
0.6 < B-V < 11,10 < V-1 < 15 andRyg > 7 pc. These notin the sample of HLO6, because these authors focuseaon th
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Fig. 11.The diferences between the colours of clusters matched
between ouACSdataset and the&/FPC2dataset of Bastian et
al. (2005), versus the colour in tR€Sdataset. The dashed lines
show a diference of 0 as a reference for the eye.

Fig. 10.Cluster “212995", the largest cluster in our sample with
aRes = 216 pc _(centre o_f the inset), a_md its Iocation in_ M5k A comparison between ACS and WFPC2
(northis up, east is to the right). The projected galacttroedis-
tance is 1.02 kpc. The scale of the inset image 8)x 60 pixels As a test of the robustness of our methods, we compared the
or~ 122x 122 pc. The scale of the big image~isl6x 16 kpc. photometry and the radii of our clusters to the data of BOS.
BO5 derived ages, masses, extinctions afidcéive radius es-
timates of stellar clusters covering the cental.3 x 8.1 kpc
of M51 usingHST NICMOSand WFPC2data. We calculated
region around NGC 5195 and were therefore not covering tte transformation between a mosaic of H&55W WFPC2
disc of M51. images and thé&CSmosaic image with the GEOMAP task in
IRAF, by identifying 10 sources by eye that were clearly visi
ble in both data sets. We then transformed the coordinatal of
5.3. The largest cluster: 212995 the clusters in their sample to oACSmosaic frame using the
One cluster candidate in our radius sample, with our ID num GEOXYTRAN task in IRAF, and we matched sources which
' k%7?/ere within 1 pixels from a cluster in our sample, which had

“212995", clearly stands out from the other cluster cantigian . .
: ' : o photometry inF435W(~ B), F555W(~ V) andF814W(~ ) in
radius. The cluster candidate, positioned at-R8'29"51594, both data sets and which had a measured radius oWERC2

Dec=+47°11'19'63 and shown in Fig. 10, has an (ellipticity cor ! :
- . : . data 0< Rer < 12 pc. This resulted in 271 matched clusters, of
rected)Rer = 216 pc in FA35W The projected galactocentrlcwhich a few will be mismatched due to the uncertainties in the

distance of this cluster candidate is 1.02 kpc. Its brigbdria : : g .
F435W F555WandF814Wis 22.27, 21.52 and 20.48 mag, re{/r\‘;‘;;g?nﬁggsand mostimportantly, geometric distortibthe

spective_ly, with corresponding—V arjdV—I of 0.75 and 1.05, For these 271 clusters we compared BeV and V—I
respectively. These colours make this source both an oldr@éC Zolours of BO5 with our results, after we removed our filter de

faint fuzzy C@”didate- Assuming the source is a cluster, ave ¢ ndent infinity corrections and Galactic foreground ettom
make an estimate of its age and mass by using GALEV S Errections,since these were constant for the photomeB9®
models. However, since we only have photometry in three f|- Fig.[T1 we plot the dference between th&CSand WFPC?2

ters, this estimate $iers from an age-extm_cupn-metalIlc!ty de'colours versus th&CScolour. For the mean fierences we find:
generacy, introducing rather large uncertainties. Asagrailow

extinction (B - V) < 0.1) and a metallicity in the range of A(B-V) = (B—=V)acs — (B=V)wrpe = —0.005+ 0.005
0.2-1.0 %, the best estimate for the age ig§28 Gyr. The COT-  A(V—1) = (V=1)acs — (V—1)wrpe = 0.064 0.006
responding best estimate for the mass$2x105 M@, which
is a lower limit due to the underestimation of the apertune cowhere the errors are the standard errors of the means, not to
rection for the photometry for such a large source. Assurtting be confused with the standard deviations, which a6 ® and
metallicity is Q02 Zs, the best estimates for the age and mags098, respectively. This shows that our colours are in good
are 13228 Gyr and 80" 32x10° M, respectively. However, the agreement with BO5 and that we can adopt the masses derived
possibility of the source being a highly reddened youngtelus by BO5 for these 271 clusters to study the mass-radius oelati

is not fully excluded. There is also a possibility that thisster with the higher resolution of thaCSdata in§ [8.2.

candidate is actually a background galaxy, but this padgsils We also compared theffective radii of the 271 matched
considered to be unlikely, since the cluster is located (ajge- clusters on th&555Wimage. In Fig[ZIR we show theftérence

tion) very close to the centre of M51, where the extinctiothef between thACSandWFPC2radius versus thACSradius. No
background source and the surface brightness of the faradroclear trend is visible, except that the averdgeSradius of the
(M51) is high. clusters is slightly smaller than tH&FPC2radius. The mean
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Fig. 12. The ditferences between th&ective radii of the clus- Fig. 13. The dfective radius distribution of the total sample of
ters matched between oACSdataset and the&/FPC2dataset 1284 clusters, measured on thé35Wimage, using linear ra-
of Bastian et al. (2005), versus thé&extive radius in thédCS dius bins (solid line). Also shown are the radius distribntof
dataset. only the sources in the low background region (dotted lime) a
the sources in the high background region (dashed lineh&wer
ter readability, only the (Poissonian) error bars of thalteam-

difference between th®CSandWFPC2radius is ple are shown.

Reit acs — Ret wrpe = —0.34+ 0.06 pg F A e

where the error is the standard error of the mean. The stdndar
deviation around the mean is9 pc. We note that some of 100¢
the diferences betweeACSand WFPC2radii are expected to i
be caused by contaminants in the matching procedure, as well

as resolution gects (blends in th&VFPC2data) and a dier- =
ent treatment of ellipticity for both data sets. For W&PC2

data circular cluster profiles were assumed, while forAxS

data we used elliptical profiles with a transformation toragk

Rer. Overall, the mean flierence between th&CSandWFPC2

radii is within the expected accuracy of the radius measargs
(~ 0.5 pc), and Figl_T2 suggests that there are no strong radius 1E
dependent biases in our methods. ;

Re (pc)

7. The radius distribution ) _ _ S
Fig. 14. The dfective radius distribution of the total sample of

Now that we have selected a sample of clusters with accurat®4 clusters, measured on ##35Wimage, using logarithmic

radii, we will study the distribution of their radii and pdste radius bins (solid line). Also shown are the radius distiim

dependencies between radius, background region and dalousf only the sources in the low background region (dotted)line

this section. Possible correlations between radius anéhsn  and the sources in the high background region (dashed Foe).

ity, mass and galactocentric distance will be the subjethef better readability, only the (Poissonian) error bars of tttel

next section. sample are shown. For comparison we also show a power law
We show the fective radius distributi¢hof our sample of with a slope of-2.3, typical for a fractal radius distribution of

1284 clusters with linear bins in Fig. 113 and with logaritemistar-forming gas clouds, and a slope-df.2 as determined by

bins in Fig.[14. In both figures we plot the radius distribnto BO5 for the radius distribution of 407 star clusters in M51hwi

for cluster in the low and high background region separat®y WFPC2data.

see that the radius distribution peaks around 1-2 pc and then

drops to a maximum radius ef10 pc. In the remainder of this

section we will first focus on the slope of the radius disttidw  7.1. The slope of the radius distribution

atRs > 3 pc and then focus on the location of the peak. o
It has been observed that thmass distributions of both

3 Strictly speaking, the terndistribution refers to linear intervals, Starfform'ng_ CIOUdS. (Sanders et al. _1985; _Solomon et al.
i.e. N(R)dR, and the termfunction refers to logarithmic intervals, 1987; [Harris & Pudrilz | 1994;| Brand & Wouterloot _1995;
i.e. N(R)dlogR. In this work, however, we will not make this distinc-EElmegreen & Falgarofe 1996; Fukui etial. 2001) and star clus-
tion. We will only use the termdistributionand we will specify the type ters (Zhang & Fall 1999; Ashman & Zepf 2001; Bik etlal. 2003;
of interval used when necessary. de Grijs et al. 2003; Hunter etlal. 2003) can be approximayed b
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power laws of the forrN(M)dM o M~¢dM, with the indexa Another suggested explanation for the weak or missing
in the range of 1.5-2.0. Star-forming clouds also show a powenass-radius relation of clusters is a star formati@iiciency
law radius distribution of the formN(R)d logR « R"23dlogR (SFE) which scales with the mass of the clolds (Ashman &/ Zepf
(Harris & Pudritz 1994 Elmegreen & Falgarone 1996). For th2001) combined with the early residual gas loss from clgster
clouds, the power-law mass and radius distributions are cdhlills 1980;/Geyer & Burkert 2001; Goodwin & Bastlan 2006).
sistent with the clouds having a fractal structure with atih In this scenario the forming clusters initially follow tharse
dimension of 2.3[(Mandelbrot 1983; Elmegreen & Elmegreanass-radius relation as the clouds. However, the removal of
2001). Since the mass distribution of clusters is similar foinding energy will lead to the expansion of preferably dmal
the mass distribution of clouds, one might naively expeet tltlusters, since they form from low-mass clouds which los® re
radius distributions also to be similar. We plotted the wadi tively more residual gas. On its own, however, this explamat
distribution of star clusters in M51 in Fig. 114, using logamic  will lead to a steeper radius distribution of clusters coregao
bins. In this figure a power law would be a straight line. Welouds, i.e. with a slope: —2.3, contrary to what we observe
plotted two lines with a slope of2.3 and -1.2. The first (Fig.[14).
slope is consistent with the power-law distribution of tleenf Although Fig[1# suggests that the radii of the clusters have
N(R)dlogR « R23dlogR or N(R)dR « R33dR, observed changed shortly after their formation, our radius distiiu is
for star-forming gas clouds on every length scale (down & tlconsistent with neither scenario. Perhaps a scenariodmgwa
smallest scales of 0.1 pc). We see in Fig. 14 that the radiusombination of stochastic cluster-cloud interactionpamsion
distribution of the clusters in M51 betweer8 and~10 pc can due to residual gas expulsion and a mass-dependent SFE can
not be approximated by the same power law as the one for thigange the radius distribution in a way that is more consiste
star-forming gas clou(g. with the observed radius distribution. However, a fundatalen
The slope of-1.2, indicated in Fig[_14, is consistent withproblem of the missing mass-radius relation of clustersa t
the power-law distribution oRN(R)dR « R22dR, found by BO5 there are also high-mass clusters veithallradii. The existence
for 407 clusters between 2—-15 pc in M51 usMd-PC2data. of these clusters can not be explained by the scenariosonewti
Although the slope of our observed radius distribution ia thso far, which all rely on the expansion of clusters. Thermfor
range~ 3-6 pc is similar to the slope observed by BO5, our obwve need better scenarios and more insight in cluster foomati
served radius distribution is considerably steeper atlargdii. theory to account for the flerences in the radius distributions
However, we note that we used a larger sample of clusters, meatween clouds and clusters.
sured at twice the resolution and which was checked by visual
inspection for contaminants and blends. The cluster sawiple . B
BO5 is therefore expected to have a larger fraction of cohtan? 2. The peak of the radius distribution
nants and blends than the current sample. We note howeser, th Fig. [I3 we see that there is a peak in the radius distribu-
the current sample is still biased against clusters in cenlve- tion around~1.5 pc. If we assume that the star clusters in M51
gions, but for the remainder of this study we assume that tfi#med from a fractal gas, this is consistent with the sutiges

current sample is representative of the entire star clpsteula-
tion of M51.

Fig.[14 shows that the radius distribution of star clustars i

M51 is not consistent with a fractal structure. This sugg#sat
after the formation of the clusters from a fractal gas, thadlii

of the expansion of preferably the smallest clusters, luester
with Reg < 1.5 pc which expanded to rad#l.5 pc.

ters in the low background region (the dotted lines) showsgem
pronounced turnover, i.e. there are relatively fewer srclak-

Fig.[13 andI¥ also show that the radius distribution of clus-

have changed in a non-uniform way. Unfortunately, at thellsméers in the low background region compared to the high back-
radius end of the distribution a possible bias against sohadk  ground region. This suggests that generally the smallastais
ters can not be completely ruled out, since in a fractal gas tare mainly found in the high background regions (e.g. intige
smallestclusters are expected to form in groughssestogether. spiral arms). The medians also show this trend: while theiamed
These small clusters could have been rejected from our samRlg of our complete cluster sample is 2.1 pc, it is 1.9 pc for the
by the close neighbour criteriorg [§). Without this criterion, high background and 2.7 pc for the low background region.
however, our sample would also be biased against smalkciist We stress that it iswot very likely that this trend is bi-
due to blends. This bias is not expected at the large radaisfen ased due to selectiorffects, since we applied magnitude limits
the distribution, where the radius distribution of starstérs in that are brighter than the 90% completeness limits in tha hig
M51 is clearly not consistent with a fractal distribution. background region§([), and visual inspection removed most
The picture in which the radii of the clusters change shortlyackground galaxies in the low background region and plessib
after their formation is consistent with various suggestggla- blends in the high background region. Also, the more compact
nations for the lack of the mass-radius relation of clus(seg clusters are easier to detect, so it is not likely that theeeselec-
§ [B.2). One possible explanation is that interactions betwetion efect against small clusters in the low background regions.
young star clusters and gas clouds lead to dynamical heating Fig.[13 shows th&-V colour distribution of clusters in the
and therefore expansion of the clusters (e.g. Gieles|ef86?). low and high background region. The high background region
This expansion will be strongest for the largest and leasten- has a higher fraction of blue clusteiB<{V < 0.05) than the low

trated clusters because of their lower density and it watdfiore
make an initial power-law distribution more shallow. Altigh
cluster-cloud interactions are probably part of the exafimm
for the lacking mass-radius relation, on its own this scierfails

to explain the expansion of the smallest clusters, whicleétes-
sary to weaken the mass-radius relation.

background region. This fraction is expected to be strongen
extinction is taken into account, since clusters in the Higbk-
ground region are likely more strongly reddened than ciaste
the low background region.

Fig.[I4 and_Ib suggest that there is a relation betw&gn
and colour. In Fid. 116 we show the radius distribution for Rae
sized samples witB-V < 0.1 (“blue”) andB-V > 0.1 (“red”).

4 Between 0.5 and-10 pc a log-normal distribution provides a reaWWe indeed see a shift in the radius distribution towardselarg

sonable fit to the data (not shown here).

radii for our red subsample. The median value follows thift:sh
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Fig. 15.The normalizedB-V colour distribution for clusters in Fig. 17. The medianRs versus colour for bins containing an
the low (dotted) and high (dashed) background region. Tgk hiequal number of clusters for the complete cluster sampf# (to
background region has a higher fraction of blue clustens tha and the low (middle) and high (bottom) background regiore Th
low background region. vertical error bars indicate the range in which 68% of thetelts

is contained.

Fig.[17 suggests a dynamical evolution of the clusters wgth a
The fact that the increase in radius is strongesBfel colours
supports this suggestion, becadseV is more sensitive to age
thanV—1.
1 In this hypothesis, newly formed clusters in spiral arms are
P | generally small, reflecting the high pressure and densitiiaif
. parental gas clouds. In the subsequent early evolutioreafitis-
. E ters anincrease in size is expected, likely due to dynarmat-
| ing from cluster-cluster and cluster-cloud encounters dne
: | to the removal of binding energy when the clusters lose mass
! 1 (Goodwin! 1997] Boily & Kroupa 2003). Clusters also expand
! when moving out of the spiral arm, due to tidal forces from
R R the spiral density wave (Gieles et al. 2007). This hypothési

HEE . consistent with the low background regions containing a-rel
tively larger fraction of older, more evolved clusters wittere-
fore slightly larger radif
. . ) o o . If clusters expand, they will do this on a dynamical (cross-
Fig. 16. The dfective radius distribution split in a sample withing) timescale of a few Myr< (Lada & Lada 2003). The typical
B-V < 0.1 (blue, dashed line, 645 clusters) aBeV > 0.1 timescale for a cluster to move from the high to low backgrbun
(red, dotted line, 639 clusters). The radius distributibthe red  region will be about half the time between 2 spiral arm passag
sample is shifted towards Iarger radii. which for a 2-armed Spira| ga|axy is

mRg
Re) = —/———. 4
) 2(Vdisc_ QpRG) ( )

100 Red

Nr

10¢

Rey (PC)

(
for the blue sample the medidy is 1.8 pc, while for the red
sample it is 2.5 pc. In Fig._17 we show the medRg versus ] ] ] o ) ]
B-V andV-1 colour. Because all bins contain an equal numb#t Which Vyisc is the circular velocity in the disc ard, is the
of clusters, size-of-sampléfects are excluded. Both for low and@ngular pattern speed. For M51 this giwgs kpc) ~ 10 Myr
high background regions a8V andV—I colours we see a (UsingV = 200 kms* (Garcia-Burillo et all 1993) ant, =
similar trend of a mediaR; increasing with colour, although 37 kmstkpc (Zimmer et all 2004)). This is a typical lower-
the scatter is high and the trend is stronges&eW colours. limit for the timescale to move from the high to low backgrdun

Therefore, the observedftérence in the radius distributionre€gion. For the more average galactocentric distance ofcs kp
between low and high background regions can be explained by
higher fraction of red clusters in low background regionisicls

éllf one would actually quantify any age-radius relation oreas

: to be aware of possible biases, due to a slight mass-radatsoreor
are generally slightly larger. For young clusters, coldsome size-of-sampleféects. E.qg. at older ages, the low-mass clusters will first

redder W.'th age. This is Cons'Ste.m W'th. a larger fractlpblqia fade below the detection limit, so any observed age-raeéiasion could
clusters in high background regions, since these regidiso en result from a possible mass-radius relation. Alsoné would let
the high density spiral arms, where most clusters are e&géct the absolute age intervals increase with age (i.e. logaittbinning),

form. If the observed spread in colour is also a spread indlee ane would sample the radius distribution up to larger raxtilder ages
of the clusters, the slight increase in medi&g with colour in  and the average radius would seem to increase with age.
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Reg 0f 3.94+ 0.12 pclLee et all (2005) studied the radii of clus-
o ‘ T T ters in M51 usingHST WFPC2observations covering parts of
---- log(age) < 75 1 the mosaic image used in our study, and they found a mean and
log(age) > 7.5 | medianRet of 3.7 and 3.1 pc, respectively. TR&Scamera has
about twice the resolution of thH&FPC2camera and can there-
] fore detect small clusters mordfieiently. This could explain
3 ‘ 7 7 | why our mean and medidRy are smaller than the values from
P Lee et al. (2005). The medidRy for Galactic GCs is~3.3 pc
! (Harris| 1995), very similar to the value Barmby et al. (2006)
found for their sample of blue clusters in M101, namely 3.2 pc
We see that the mean and median valuefgf of our clus-
ter sample are somewhat smaller than what is generally found
although the dferences become smaller when we restrict our-
selves to the clusters in the low background regions or the GC
candidates.

Nr

10

Ry (pc) i . i
8. Correlations between mass, radius and distance

Fig. 18.The radius distribution of the 271 matched clusters fqy, ;s section we will combine theffiective radii of the clusters

which we have age estimates from BOS, split in a sample Wiy, other parameters, such as their galactocentric distdo-

log(age)7.5 and log(agej7.5. minosity and for some clusters their mass. Correlationsée
these parameters for clusters in M51 have already beerestudi

7(5 kpc) ~ 5.2 - 10° yr. These timescales are longer than t?@/ BOS, usingVFPC2data of the inner 5 kpc of the disc of M51.

expansion timescale of the clusters, and are thereforeisson
tent with the low background region containing a considiera
number of larger clusters than the high background regidinei
clusters started expanding shortly after their formatioam$piral 8.1. Galactocentric distance
arm.

e again search for correlations, but now usingAiSdata out
0 a galactocentric distance 1.0 kpc.

For Galactic GCs there is a relation between the distandeeto t
) ) Galactic centreRs, and the half-light diametddg s, of the form
7.3. A radius-age relation? Dos o RY? (Van den Bergh et &l. 1991). This same trend is ob-

We have used the 271 matched clusters with an age estinggved for the core radii of old clusters in the LMC (Hodge
from BO5 to search for a correlation between age@ﬁdThese 1962, Mateo 1987) and for the sizes of old GCs in NGC 5128
clusters show a weak relation between radius and age oftime fdHesser et al. 1984). However, these cluster populationsiar

Rer o agé-%8:003 with a large scatter. This is consistent witild and mainly residing in the outer regions or halo of theisth
the relatiorl Lee et all (2005) observe for clusters in M5hgsi 9alaxies, while we are studying a population of mostly young
WEFPC2data (best fit slope of.06 + 0.02). Fig.[I8 shows the clusters in a disc. _

radius distribution for the matched clusters, split in twpal- ~ For the GCs, dierent explanations for the observed re-
sized samples with log(age}.5 and log(age)7.5. The distri- lation between rad|u§ f_:\pd galactocentric dlstqnce have bee
butions are not very dfierent, although a weak trend is visiblesuggested. One possibility could be that the sizes of GCs re-
since the older sample has slightly more large clusters tin flect the densities of the gas clouds from which they formed,
younger sample. However, thesdfeiences are within the sta-i-€. compact GCs preferentially formed from dense gas cloud
tistical errors and also a K-S test did not give a significastitt near the centres of galaxies, while larger GCs preferéytial
(p = 0.126). The mediafRy follows a similar trend: the me- formed in the less dense halo regions (Van den Bergh et al.

dianReﬂ. isl1.8and 2.2 pc for the younger and older popu|at|o|199:\.) Harris & Pudritz (1994) use the Ebert-Bonnor relaio
respective|y_ (Eberl 1955 Bonnor 19'56) to show that

Ramc & MgycPsH™, (5)

in which Rgme, Mgmc and Pg are the radius, mass and surface
ressure of the gas clouds, respectively. The Van den Belgh r

n then arises naturally if the clusters form from gas d®u
which the surface pressure scales with the ISM pressure

(Ps =~ 5-1CP;s ), which in turn scales as

7.4. A comparison with other results

We compared the mean and medRg of our cluster sample
to other work, but we note that these comparisons can easily;
biased by dierences in the lower limits of the radius and othey;
selection criteria. The mean and medRg of our total sample
are 2.5 and 2.1 pc, respectively. The mean and meldiarof
the 70 GC candidates in our sample aré 80.4 and 2.4 pc, p,gy « Réz (6)
respectively, where .8 is the standard error of the mean (the

standard deviation is 3.4 pc). If we restrict ourselves tsiErs for the halo regionl(Harris & Pudriiz 1994). From Eq. 5 &fd 6

in the low background regions, the mean and me&arare 2.9 and the observation that the mean GC mass does not change
and 2.7 pc, respectively. This last value is the same as tlam maiith galactocentric distance (Harris & Pudritz 1994), thenV

Res Jordan et al! (2005) found for thousands of GCs observeddan Bergh relation follows. However, models like these assu

100 early-type galaxies of th&CS Virgo Cluster Survelarsen that the relations with surface pressure are also validdrckbud
(2004) studied thefective radii of stellar clusters in 18 nearbycores, where the clusters actually form, but this assumjiginot

spiral galaxies usinglST WFPC2mages, and he found a meamecessarily valid.
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Fig. 19.The mediarRy versus galactocentric distance, for bin§ig. 20. The dfective radius distributions for three firent
containing an equal number of clusters. The vertical eress b galactocentric distance regions in M51. The solid line show
indicate the range in which 68% of the clusters is contained. clusters close to the centre of M51 (distance3 kpc), the
dotted line shows clusters at intermediate distances di3-
tance<5.5 kpc) and the dashed line shows clusters at large galac-
focentric distances=(5.5 kpc). The changes in the distributions

e consistent with a slight increaseRgr with distance.

Another possible explanation for the observed relation b,
tween radius and galactocentric distance for GCs is more e
lutionary in nature. It assumes that the GCs have reachat ti
equilibrium with their host galaxy. The tidal radius of a sfer
in an external logarithmic potential field scales as:

04f
rt o ,vl(:l:-l/3 /3’ (7) [ ]
whereM, is the cluster mass (Binney & Tremaine 1987, chap. 0-3¢ E
7.3). Thus, when a cluster is relaxed, in tidal equilibriuitivits = : 3
host galaxy and filling its Roche lobe, its tidal radius is esied 8 g E
to scale as; « Ré/s. We would also expect thdfective radius LT E Je E
to scale afer o RZ®, onlyif the density profile of the cluster = Fd | < | T ]
would be constant and if the cluster is in tidal equilibriurithw 3 ST e |+ E
the galaxy. For young clusters in the disc, however, thalitgli B :
of these assumptions remains to be seen. 0.0k 3

In Fig.[I9 we show the medidRy versus the galactocentric Tk
distance for the clusters in M51. There seems to be a slight in E 1
crease irRer With distance, but the scatter is large (reflected in L T R U R W
the large error bars). We have tried to fit a function of therfor 0 2 4 6 8 10 12 14

Distance (kpc)

Rerr _ c. Re ’ (8)
1pc 1 kpc Fig. 21.The mediarB—V colour versus galactocentric distance

. . L of the 1284 clusters in our sample for bins containing an kqua
to the unbinned data, in whichis a constant, and for the best,mper of clusters. The vertical error bars indicate thgean

fitwe finda = 0.12+ 0.02. This relation is significantly weakeryhich 689 of the clusters is contained. No obvious trendss vi
than the predicted = 0.67 (for GCs in tidal equilibrium) or the e in the data.

observed relation for Galactic GCs € 0.5).

The radius distribution changes forfidirent galactocentric
distance bins, as shown in Fig.]20. The radius distributlosec arm regions are mostly high background regions and willeher
to the centre of M51 (distanee3 kpc) is shifted towards smallerfore contain mostly blue clusters, while the interarm regio
radii compared to the radius distributions at larger dist@n A are mostly low background regions and will therefore cantai
K-S test confirmed that it is unlikelyp(< 0.001) that the radius mostly red clusters (FiG_15). The observgk o« R%12:002 js
distribution for distance: 3 kpc and> 5.5 kpc are drawn from therefore not likely a result of the relation between radind
the same parent distribution. colour.

Since we observe a relation betwedRg and color (Fid.1l7), BO5 did not find a relation betwedRys andRg for Rg <
any increase in radius with galactocentric distance coalthe 5 kpc. ForRs < 13 kpc we find a weak relation, but this rela-
result of an increase in colour with galactocentric distarin tion is considerably weaker than the observed relationslitr
Fig.[2Z1 we showB-V versus galactocentric distance for th&sCs. Therefore, the clusters we observe in the disc of M51 are
1284 clusters that were also shown in [Eig. 19. No obviousitresither forming under dierent conditions than the GCs, or the
is visible, which is expected since at all galactocentridiira observed relation for GCs emerged during their longer dynam
we encounter clusters in both arm and interarm regions. Tioal evolution. We consider the first explanation to be thesmo
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likely one, since GCs probably formed outside a spiral disc,

regions where the surface pressure of their parental cldads g ] Low
creased with distance (Elgl 6). For clusters in spiral arnis it T aE
not expected that the surface pressure scales in a similar wa 3: 3F %
with distance. Likely, the higher pressure inside spiraisade- o 2F %
creases less strongly with galactocentric distance. RixekdR 5F
(1993) find that the arfmterarm density contrast for M51 in- o3 29 o1 20 19 18
creases with galactocentric distance, consistent withgicture. F435W (mag)
In this case a strong radius-distance correlation for thetets
is not expected.
_ SE High
8.2. Mass-radius relation & g ] % %
One of the most peculiar properties of star clusters is ttledéa o f i %$ % i
clear relation between their mass and radius. Star clustetse- 0
lieved to form from Giant Molecular Clouds (GMCs), for which 23 22 21 20 19 18

a clear relation between mass and radius is observed. Larson F435W (mag)

(1981) finds that the internal velocity dispersion of GMGs,

scales with their sizé&Rgmc, aso « R%ﬁ,lsc. Assuming the GMCs Fig. 22.The mediarRes versus=435Wmagnitude for our sam-
are in virial equilibrium, this leads to a mass-radius felat ple of 317 clusters in the low background region (top) anator

of the formRgmc o« M237.. Also assuming virial equilibrium, sample of 728 clusters in the high background region. The bin

GMC*
Solomon et dl.[(1987) finRguc = 1/540- Mg-5 . These ob- contain an equal number of clusters and the vertical erros ba

servations are consistent with GMCs having a constantsarfandicate the range in which 68% of the clusters is contained.
density E = MGMC/HRZGMC)-

From the Ebert-Bonnor relations for pressure bounded, s
gravitating, isothermal spheres (Ebhert 1955; Bonnor 1. 9%th
Eq.[B as well as:

elgeﬁ o LX, with L the luminosity in thé=435Wpassband, resulted
in X = 0.15+0.02 andx = —0.11+0.01 for the low and high back-
ground region, respectively. We verified that applying tlze-s
3 o PY/2 (9) dependent aperture correction of Ej. 1, instead of the anhst
aperture correction for a 3 pc sourdgZ.3), would not change
can be derived, in whichPs is the surface pressurethis result considerablyx(= 0.13+ 0.02 andx = -0.10+ 0.01
(Harris & Pudritz 1994; Ashman & Zepf 2001). So the observedr the low and high background, respectively).
mass-radius relation and constant surface density fodslave It is not likely that this observed dierences in power-law
expected if the surface pressure is constant (EImegree3) 198 indices is a bias due to our detection limits, since we useninag
When clusters emerge from GMCs, the mass-radius retade limits §[5.7) brighter than the 90% completeness limits for
tion appears to be erased, indicating that high-mass ctuste8 pc sources in the high background regions. Due to the lack
have higher stellar densities than low-mass clustersordstant of age estimates of these clusters, there is a degeneraeydret

stellar density would predicRez o M&(S, which is not ob- age and mass. Therefore it is not certain if any evolutioRein
served! Zepf et all (1999) finBey o LOO7 for young clusters with Iumln_osny is mainly caused by agefects, massféects,

in NGC 3256. wherd._ is the luminosity of the cluster which ©F & combination of both. More measurements of the ages and
scales directly with the mass (since their cluster samggests Masses of clusters which also have accurate radii estiraetes
that colour is independent of luminosity and therefore tagy N€cessary to break this ggeass degeneracy (e.g. through addi-

sume that the mass-to-light ratio is mostly independentuen {tionalU-band imaging). ,
minosity). For clusters in a sample of (non-interactingyaip Using the 271 clusters that were matched with the cluster
galaxies, Larsen (2004) find&g o MO|.10¢0.03' The dfective ra- Sample of BO5 and for which we therefore have mass estimates,
dius of the old Galactic GCs also does not seem to correlate wj'e ShoWRer versus mass in Fig. P3. No apparent relation is visi-
their luminosity and thus their mass (Van den Bergh 5t al1).99 Ple. This sample is too small to make a distinction betwegs-cl
Mackey & Gilmoré [(2003) report that for a sample of 53 ricf{ers in low and high background regions, since it mostly cove
LMC clusters, there seems to be no strong correlation betwe8€ inner high background regions of MS1. .
their mass and core radius, either. We conclude thatve do not find evidence for any direct re-
In Fig.[22 we showRez versus magnitude if435Wfor the lation between mass and radius of the clustathough we find
M51 clusters, split in the low and high background regiorr. F§/€ak relations between luminosity and radius, changing wit
these clusters we do not have mass estimates. Howeverxit is@ackground region. The suggested explanations for a lgckin
pected that the age range for the largest fraction of thistetu Mass-radius relation were already mentioned [A.1, but we

sample is not very large, because most clusters are bluemancfr€SS again that none of these scenarios are currentlpleapa
cated in the spiral arms. Many clusters are therefore eggédot of explaining the observedfiiérences in the radius distributions

have similar mass-to-light ratios and therefore any madass 0€tween clouds and clusters.
relation should also be visible as a relation between madeit

and radius. Fig. 22 shows that clusters in the high backgtoug Summary and conclusions

regions show a slight trend of radius decreasing with lurgsino

ity. Clusters in the low background regions show a less als/ioWe have used thdST ACSnosaic image of M51 to detect 7698,
trend, although the medidRy of the brightest bin is consider- 6846 and 5024 stellar clusters across the spiral disABEW,

ably larger, especially compared to the brightest bin inhighh  F555WandF814W respectively, based oiffective radiusReg)
background region. A fit on the unbinned data points of themformeasurements. We presented the dataset and describedlthe me
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gion also shows a more pronounced turnover around 1.5 pc

DI (Fig.[13). We speculate that if the observed spread in colour
is also a spread in the ages of the clusters, this observation
suggests a dynamical expansion of the clusters with age. In
this hypothesis, newly formed clusters in spiral arms are ge
erally small, their radii reflecting the high surroundinggr
sure of the parental gas clouds. In the subsequent early-evol
tion of the clusters an increase in size is expected, likab d
to dynamical heating from cluster-cluster and clustertdlo
encounters and due to the removal of binding energy when
the clusters lose mass.

7. We do not observe a strong correlation betw&gp and
galactocentric distance for the clusters in the disc of M51
out to~13 kpc. A weak trend is visible of the foriReg

L e R e R212:002 byt the scatter is large. For old GCs, mainly resid-

25 30 35 40 45 50 55 6.0 ing in the outer regions or halo of other galaxies, a steeper

Log M/Me relation is observed, possibly caused by the decreasirsg pre
sure of their parental gas clouds with galactocentric dita

10

Ry (pc)
o

Fig. 23. Rt versus mass for the 271 clusters that were matched The weaker relation for the clusters in M51 could be ex-
with the cluster sample of B05. plained by the observation that most of the clusters reside

in the spiral arms. Since the spiral arms are expected to have
a higher pressure and they extend out to large galactocen-

ods used to select our cluster sample, including tests wifitfi+ a tric distances, a strong radius-distance correlation isre

cial clusters to show the accuracy, limits and robustnessiof pected.

methods. We divided the data in 3 regions with respectively & We do not observe a correlation between cluster mass and
low, intermediate and high background, where the high back- radius for the 271 clusters of which we have mass estimates.
ground traces the spiral arms. We selected a sample of 1284We find weak relations between cluster luminosity and ra-
clusters with the most accurate radius estimates to stueyath dius for our sample of 1284 clusters. If fitted with a power
dius distribution and relations between radius, mass,rosity, law of the formRes o« L*, we findx = 0.15+ 0.02 and
galactocentric distance and background region. From ttase x = —0.11 + 0.01 for the low and high background region,
ies we conclude the following: respectively (Figl22). Explanations of the lack of a strong

1.

mass-radius or luminosity-radius relation probably need t
The dfective radii of the clusters are distributed between our pe sought in the early dynamical evolution (expansion)ef th
fixed lower limit of 0.5 pc and-10 pc (FiglIB). The mean  clusters just after their formation. Current scenariosclhi
and medianRey of our accurate radii sample are 2.5 and  focus on the expansion of clusters due to either dynamical
2.1 pc, respectively. This is smaller than what is generally heating or the removal of binding energy due to gas expul-
found for young clusters in spiral galaxies. sion are not consistent with the observeffatences in the

. The radius distribution of clusters in M51 can not be fitted radius distributions between clouds and clusters.

with a power law similar as the one for star-forming gas
clouds. This suggests that shortly after the formation ef thcknowledgementswe thank Peter Anders for useful discussions, tips and

; - -comments. We also thank Marcelo Mora at ES@rching for discussions and
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old GCs. These clusters are slightly larger than the resteof tviding us the list of faint fuzzies around NGC 5195.
cluster sample (medidRs = 2.4 pc). We find 6 clusters in

our sample satisfying the criteria for being “faint fuzzyas f
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