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Abstract. The stellar content of the young open clusteand proper motion surveys (e.g., van Schewick 1962, Kamp
NGC 6611 was studied on the basis of the data of the CompilE@i74, Sagar & Joshi 1979, Tucholke et al. 1986 €hal. 1990,
Catalogue published in Belikov et al. (1999b). Using photomdtlillenbrand et al. 1993, de Winter et al. 1997) were obtained in
ric and proper motion criteria as well as taking into accoutttis region. The data enabled careful investigations of the bright-
the cluster structure, we selected 376 probable members dashpopulation of the cluster, especially, the construction of its
to My ~ 3™ (a limit never reached before) from 2185 catauminosity function (LF) and CMD which were used for study
logue stars. The observed luminosity function was constructeitstar formation in the cluster. The comparison of Hertzsprung-
and compared with the theoretical luminosity function conRussell diagram of the cluster with theoretical models showed
puted with the log-normal and power-law IMFs and under thhat not one single age could be assigned for the whole cluster.
assumption of a non-coeval star formation. From this compde cluster age corresponding to the “oldest” cluster members
ison, the following main conclusions can be drawn, also supas determined to be about 5 Myr (see e.g., Hillenbrand et al.
ported by the analysis of the cluster color-magnitude diagraf®93, Massey et al. 1995, and de Winter et al. 1997).
(1) the expected H-feature due to the Pre-Main-Sequence —Since NGC 6611 is richly populated by early-type stars, the
Main-Sequence transition is marginally present in the obserdedhinosity or mass functions of this cluster can tell us much
luminosity function atMy =~ 1™ (i.e., at the supposed turn-onon the initial mass function (IMF) of the galactic disk stars.
point of the cluster's CMD)(2) in the mass range [2.1, 85]. In this respect, NGC 6611 seems to be a very peculiar cluster.
the mass function of cluster stars could be better representedrby the first time, an extremely flat luminosity function of the
a power-law IMF with a logarithmic slopeé = —1.2than by a NGC 6611 stars was derived by Sagar & Joshi (1979). Com-
log-normal IMF;(3) a cluster age of 6 Myr derived both fromparing the cluster CMD with stellar models, Sagar et al. (1986)
the LF and CMD analysis coincides well with present-day findeund that the logarithmic slopé of the cluster mass function
ings. A considerable (of the order of the cluster age) spread(bfF) within the range8 + 70 m, is about—0.8 - —0.9. A
individual ages of cluster stars was confirmed, but no evidersienilar value ' = —0.7) for the same mass range was also
of a sequential star formation was found from the data. determined by Massey et al. (1995) for NGC 6611. However,
based on the same data but a slightly different mass calibration,
Key words: Galaxy: open clusters and associations: individudtillenbrand et al. (1993) founft = —1.1 ~ —1.3.
NGC 6611 — stars: luminosity function, mass function — stars: From these results, the question arises whether the IMF flat-
pre-main sequence tening with decreasing galactocentric distance is a real property
of the disk population or if it is rather an artifact coming from
the incompleteness of the data due to the large distance of the
1. Introduction cluster and its heavy visual obscuration. Since NGC 6611 is one
of a few young distant clusters observed towards the Galactic
For the last two decades, the young open cluster NGC 66dénter, each effort to improve the data base for NGC 6611 can
has attracted the attention of different researchers. Its large @igtke an important contribution by answering this fundamental
tance, heavy obscuration, rich stellar fore- and backgrourgestion.
however, make the observations of this cluster extremely dif- An additional reason for our special interest in this cluster
ficult. The first photometric study of NGC 6611 was carried ogtan be described as following. As it was found in the previ-
by Walker (1961) who found massive stars in the cluster col@us theoretical investigations by Piskunov & Belikov (1996),
magnitude diagram (CMD) above the Main Sequence (M3he presence of Pre-Main- Sequence (Pre-MS) stars in a cluster
During the following years, several photometric, spectroscopigifects its luminosity function by producing an additional de-
tail (we call it H-feature) in its LF. The H-feature reveals as a
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local inhomogeneity in a cluster LF consisting of a bump witthe patchy distribution of interstellar matter across the cluster
a trailing depletion. The H-feature results from a non-uniforsurface, we also plotted the isophote outlining fiig emis-
behaviour of the mass-luminosity relation in the vicinity of theion nebulosity as seen on a blue NGPOSS plate (taken from
turn-on point of a cluster's HRD. Since the location of the HKamp[1974) and the absorption distributidr, according to
feature on the absolute magnitude axis depends on cluster dige absorption map given in Paper I.
LFs of young clusters can be used for independent age esti- The Ay -values displayed in Fig. 1 by grey color were de-
mation (H-calibration according to Belikov & Piskunov 1997)termined from individual data on reddenidgg_y, and total-
This feature was found in the luminosity functions publishe-selective absorption rati®y as described in Paper I. For
for several young clusters (Belikov & Piskunov 1997) as wetitars in outer parts of the cluster region, no data are available
as in the Pleiades LF (Belikov et al. 1998, Belikov et al. 19994&)r individual correction of magnitudes due to the absorption.
In contrast to the Pleiades, NGC 6611 belongs to the youngksthe following, for these stars we adopted the averaged values
end of the H-calibration. According to the results of the HEg_y = 0.86™ andRy = 3.75 estimated by Hillenbrand etal.
calibration, the H-detail should occur &f,, = 0™ +~ 2™ fora (1993) for this cluster. This approach could lead to incorrect re-
5 Myr old cluster. Due to the large distance of NGC 6611 (witbults in studies of properties of a particular star with an unknown
distance modulus beirlg — My, ~ 14™), the data available soindividual extinction law. In the case of statistical investigations
far were not sufficiently complete to construct a reliable luméf stellar samples (such as the determination of luminosity or
nosity function down to this limit. The situation was improvednass functions), we can expect, however, that a statistical bias
with the Compiled Catalogue of photometric and astrometiilctroduced by the averaged reddening values will be of a con-
data in the field of NGC 6611 (Belikov et al. 1999b, Paperdiderably less significance. We tested various approaches for the
hereafter). treatment of the extinction law (e.g., the normal extinction with
The Compiled Catalogue (CC hereafter) covers a circul& = 3.1, the interpolation of the absorption map, the extinc-
area with a diameter of5.6 arcmin which is centered at the tion parameters of the nearest neighbour and the interpolation
NGC 6611 cluster. The survey contains astrometric (positiofgtween the individual values of the nearest neighbours), and
absolute proper motions) and photometric (photoelectric, CORe found that the resulting cluster parameters were robust to
and photographic UBV magnitudes as well as color excesst#® extinction laws used, i.e. they either varied within estimated
data for 2185 stars brighter th&h= 16.8™. The catalogue is accuracy or did not change at all.
based on the Tautenburg Schmidt survey supplemented by theln Fig. 2 the radial density profiles of the distribution of
relevant data published in this region which were reduced tstars from the CC are shown. There is a steady decrease of the
common homogeneous system. total stellar density up te: 14 arcmin (Fig. 2a) that is close to
Since the CC has a completeness limit which should allaive edge of the cluster coromg = 3 o$¢}°"* = 14.3 arcmin
to reach the H-feature in the LF of NGC 6611, the present studgtimated in Paper I. Assuming the density of field stars to be
is aiming at the following major goals. First, the construction dhe minimum density over the area covered the CC, we may
a confident and deep luminosity function of cluster stars bassmhclude that at > r. no cluster members are virtually present,
on a careful analysis of proper motion and photometric menvhereas in the corona there is a mixture of cluster and field stars
bership, as well as by taking into account the cluster structyfeom the density relation between the outer region and corona,
and distribution of absorption across the cluster. Secondly, the can deduce that the contamination of the corona by field
comparison of the empirical and theoretical LFs by consideristars is more than 80%).
different assumptions on star formation history of the cluster. Ingeneral, the distribution of CC stars reveals a central sym-
Third, the determination of the cluster parameters describimgetry. However, small differences can be seen between the pro-
this process i.e., onset and duration of star formation, clusfées in different azimuthal sections (panels from 2b to 2g). The
age, and MF slope. difference is most prominent between two cluster areas, the
In Sect. 2 the results on the cluster’s structure and steltdtorth-West” (NW) and “South-East” (SE) areas (dashed and
content based on the the CC data are presented. In Sect. 3lotted curves in Fig. 2a), separated by a line
use these results for a better selection of cluster members yiei}d; 0.571 X + 1.012
ing a sample down td/y, ~ 3™. Sect. 4 describes how the™ — ™ :
empirical and theoretical luminosity function were constructeghis can be attributed rather to local irregularities of the ab-
for the NGC 6611 cluster. In Sect. 5 we compare these LFs astption distribution (cf. Fig. 1) than to a real lack of stars in the
discuss the results on star formation history of the cluster. TNW part of the corona. In the outer areas of the NW corona, the
conclusions from this study are presented in Sect. 6. stellar density is lower than in a surrounding field (especially,
in the sectof0° = 210°). It appears as if the cluster is still em-
bedded in the interstellar dust in its NW part, whereas in the SE
part the cluster is already cleared off by a bubble of the hot gas
expanding from the center.
In Fig. 1 we show theX, Y-plane of NGC 6611 with stars from  Assuming thatfl) the majority of stars observed in the core
the CC and the main structure elements of the cluster (the cbetongs to the clusteR) the sample of stars projected on the
and corona) as derived in Paper |. In order to get an idea corona presents a mixture of cluster members and field stars, and

2. Compiled catalogue: Cluster structure and stellar
content
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Fig.1. Distribution of the CC stars
in the NGC 6611 region. The co-
ordinates are given with respect to
Walker's star 125 6@75)20000 =
18"18™26.21%, —13°50'05.3". The
lines divide the cluster area into
azimuthal sectors denoted by the
corresponding numbers. The thick solid
curve marks the isophote of the bright
nebula M 16 taken from Kamp (1974).
A small circle (thin continuous curve)
indicates the cluster core, whereas
the cluster edge3(©corona) is shown
by a large circle (thin dashed line).
The distribution of absorptioMy as
derived in Paper | is illustrated by a
grey-scaled color according to the scale
v v bl b b p|ottedintheupper|eﬂcorner.Areas

20 10 0 10 — 20  Wwhere no individual data on absorption
are available are indicated by white
color.
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Fig. 2a — g. Radial density profiles over the cluster area. Pangthows the density profile for all CC stars (solid line), for the NW segment

30° +210° (dashed line) and for the SE segmeih®° < 30° (dotted line). Panels throughg show the density distribution in each sector. The

derived size of the cluster core and corona are marked on the abscissa by small vertical lines. All curves are normalized to the number of the
CC stars.
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3) cluster members are practically absent outside the corotfeir members are rather small and differ insignificantly from
we may expect to see variations in the distribution of stars withe proper motions of field stars. In other words, due to numer-
apparent magnitude as a function of angular distance from thes field stars withifieiq = ficiuster in the cluster area, the
cluster centre. number of cluster members estimated from the proper motion
The brightness function (BF) based on the CC data i.e., tlistribution is never zero at any distance from the cluster center.
distribution of the catalogue stars with appar&ninagnitude, Therefore, additional and independent criteria are needed for a
is shown in Fig. 3a. From the comparison of the BFs for the catenfident selection of cluster members.
and outermost areas covered by the CC, we can conclude thatn Paper | we considered the distribution of star positions
the slope of the core BF differs drastically from the slope @fs a further selection criterion and determined the formal mem-
the outer BF which in turn is close to the slope of the BF of dtlership probability for each CC star. This method, however, re-
stars included in the CC. In Fig. 3b we show slopes of the BEgires predefined parameters of the cluster structure (e.g., clus-
derived in concentric rings around the cluster center. Accorditey radius). Insufficiently accurate input parameters may intro-
to this plot, we can again discriminate three different groups déice biases both in the computed membership and in the final
stars: the core population dominated by cluster members, thester size. A further possibility is to use photometric criteria
corona population consisting of cluster and field stars, and e, to analyse the loci of cluster candidates in the CMD. This
“external” population (stars outside the corona border) whichapproach allows, with a certain confidence, to reject stars falling

practically free of cluster members. below the cluster MS. Finally, as a selection criterion, one can
The following conclusions could be drawn from the firstonsider the distribution of stars as a function of apparent mag-
look on the CC data: nitude which, as was shown in the previous section, should be

digerent for field and cluster stars. With different weight, all
hﬁse criteria were applied in this study to support the proper
fR8tion membership.

— the cluster structure consisting of two components (core
corona) as proposed in Paper | is supported by the populat
analysis;

— the distribution of the visual absorption in the cluster corona
is highly inhomogeneous. In spite of general radial symma&-1. De-contamination procedure
try found for the cluster, there is some lack of stars as coun
in the NW part of the cluster area;

— most of the stars in the CC are field stars, but their fracti
is decreasing from the outer areas to the cluster center.

tﬁﬂwng other data, the CC contains probabilities for stars to
belong to the core or corona of NGC 6611. The probabili-
Yes were deduced from the distributions of positions and/or
proper motions. In the following, we use the probabilities
Based on these results, we can conclude that besides Eiem, zy, core), and P(pm, zy, corona) for the final cluster

usual methods, additional efforts are required for a proper $eembership determination.

lection of cluster members in NGC 6611. We divided all CC stars into five groups with respect to their
proper motions and positions.

3. Field star de-contamination 1. The group of 111 stars from Walker's (1961) list. Due to

Usually, the distribution of proper motions is considered as a crowding effects, these stars were not measured on Tauten-

good astrometric criterion for selection of cluster members. burg Schmidt plates and, therefore, have no proper motions

However, for distant clusters, the individual proper motions of in the CC. They show a concentration to the cluster center
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which is compatible with cluster membership. As a bastocentre of such a pair moves towards the bright component and
criterion, the loci of these stars in the CMD were considhe astrometric accuracy is improving. As the number of stars
ered (see Se¢i.3.3 for details). becomes rapidly small with decreasing magnitude, we may ex-
2. Non-members according to the kinematic criterion. Thepect, on average, a decrease of the proper motion errors as well
stars belong to a high-velocity wing of the proper motionf the corresponding threshold membership probabjlityor
distribution and are presumably nearby foreground stastars of a given apparent magnitude in areas with higher
They can be clearly rejected as cluster members & #he Based on these considerations and on the difference in the
level. distributions of field and cluster stars with apparent magnitude,
3. Candidates of the cluster core. This poorly populated grome proposed a statistical procedure of the corona members se-
of proper motion members shows a strong concentrationléation. We estimated local membership probabilities by com-
the cluster center. Due to the small core size, only a Igwaring the local BF with the brightness functid{V") of stars
contamination by field stars projected on the core may B®m the external CC region (> 19.6 arcmin) which is dom-
expected. Therefore, these stars can be considered as typitkd by field stars (cf. Sect. 2). The CC area was divided into
representatives of the cluster population. In order toimpro82 small cells with a step oAr = 6 arcmin, A0 = 7 /4.
their membership determination, the photometric selectiior stars satisfying the conditioR(pm, xy, corona) < po,
criterion was additionally applied (Sect.3.3). we determined the local BF functiah(V, py) in each cell and
4. Candidates of the cluster corona. This group of suspectanpared it with¥ (1):
proper motion members does not show a concentrationto the 2
cluster center. According to the conclusions in Séct. 2, thigpo) = Z (@(V,psp) ¥(V))
group can include a large fraction of field stars. Therefore, % (V)

additional tools were necessary to improve the membersitignction y (p,) reflects the degree of agreement between the
determination. For these stars we proposed a “local prafeid and local BFs for a givep,. One can predict the behaviour
ability” technique described in SeCt.B.2. As final step, thef x(po) with increasingp, from 0 to 100 per cent. At small
photometric selection criterion was applied (Sect. 3.3). j the functions®(V, p,) and ¥(V') differ randomly due to a

5. Non-members. This group includes the remaining CC staggall number of stars selected in a cell. This difference tends
They have low probabilities to belong to the core and wegg 3 minimum wherp, increases up to a certajrj due to the
rejected as corona members by the “local probability” tecthiclusion of new field stars and a decrease of statistical fluctua-
nique, too. tions. In the vicinity ofp§, the value which could be considered

as a threshold proper motion probability for the cluster mem-

3.2. The local probability method of the selection of cluster Pership,x(po) starts again to increase due to the admixture of
members in the corona cluster stars.
As an example for the efficiency of the method, we show in

As we already discussed above, the stars located outsideghe 4 the BFs computed in the cell with, §) = (9.0arcmin,
cluster core represent a mixture of corona members and figlh 5 deg). A threshold probability ofp? = 61% was esti-
stars. A clear separation of these stars in two groups (i.e..pfated for this cell. The stars were separated in two groups ac-
the groups 4 and 5 as described in the previous section) fr@mding toP(pm, xy, corona) > pé for cluster members and
their positions and proper motions is rather difficult. Therefor@;(pm, xy, corona) < pt for field stars. From Fig.4 we can
we applied an additional selection criterion to these stars takigge that the BF derived for field stars in this cell is in excellent
into account specific features of the corona population.  agreement with the general field BF, whereas the cluster BF in

According to Sect. 2, the apparent structure of the coronagg cell differs significantly from the field BFs and is in agree-
highly variable due to irregularities of the absorption over th@ent (in its slope) with the core BF shown in Fig. 3. In Table 1
cluster surface. Therefore, we considered a relation betwgga give the threshold probabilitigs estimated for each cell.

the absorption and a “thrgshold" rner.nbers.hip propability das expected, their distribution is strongly correlated with the
rived from the proper motion distribution within a given subapsorption distribution shown in Fig. 1.

area. Such a relation can be expected for the following reasons.

Due to variations of the absorption across the cluster, the real

luminosity function of the cluster stars is transformed to an oB:3 Photometric selection

served brightness function depending also on coordinates. Sigggerally, we consider two color-magnitude diagrams,

the accuracy of proper motions depends on the apparent brighg-—v/) - M, (U — B),) and a color-color diagrantll — ),

ness of stars, the resulting distribution of proper motion errofg — 1)) for a photometric selectionf{;_ - values were not

will also depend on coordinates. Consequently, the threshelgkd as a direct criterion, but they are included implicitly in
membership probability, which is related to the error distri- the photometric selection as a secondary criterion when the
bution is also a function of pOSitiOI’lS. On the other hand, Wiﬂéddening_free CMDs were Constructed). If e magnitude
increasing absorptiody both numerous faint background stargyas available in the CC, only thefy,, (B — V), diagram was
and faint companions of apparently close pairs (unresolved @§ed. Taking into account the magnitude errors given in the CC
photographic plates) are lacking from a survey. The visible phgnd the error of the distance moduldsi(™ in V), we consid-
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Fig. 4. Membership determination with the local probability methoéig. 5. Color-magnitude diagram of NGC 6611 for suspected members
within the area#, 8)=(9.0 arcmin, 112.5deg). The solid curve is with unknown proper motions (111 Walker's stars, Group 1). The stars
the general field BF, the dashed line is the local BF of non-memberscepted as cluster members by the photometric selection are marked
(P(pm, zy, corona) < 61%) arbitrary shifted along the ordinate forby open squares, the rejected — by crosses. The solid curve is the ZAMS
better presentation, and the dotted-dashed line is the BF of cor@eaording to Schmidt-Kaler (1982).

members P(pm, xy, corona) > 61%).

8

Table 1. Threshold membership probabilitig§ (in%) for the cluster 5 i <o 1
corona ,
0, deg radius,arcmin —4r :

3.0 9.0 150 210 . i .
22.5 20 27 18 17 S -7 r .
675 82 54 16 10 Lo
112.5 15 61 24 7 0 r o 7
157.5 78 68 16 10 [
202.5 61 23 41 10 9 5 1
247.5 33 68 18 14 I
2925 64 18 27 16 A N
3375 18 27 9 13 -05 0.0 05 1.0

(B’Wo

ered the loci of suspected members in each diagram with resnﬁ&.t& Color-magnitude diagram of NGC 6611 for suspected core

to the ZAMS by Sphmidt-KaIer (1982). A star was rejeCted_Effﬁembers (Group 3). The stars accepted as cluster members by the
a cluster member if it fell below and to the left of the ZAMS |rbh0t0metric selection are marked by open squares, the rejected —

at least one of the diagrams. In order to derive the reddenimg- crosses. The solid curve is the ZAMS according to Schmidt-
free diagrams, we applied the same procedure and adopted<hler (1982).
same parameters as in Paper I: the stars with the available values

of E_y and Ry were dereddened individually, whereas the, . .\ o1 of cluster members over the cluster surface is cer-

average valueskp_y = 0.86™, Ity = 3.75) were applied tginlyrelated tothe irregular distribution of the absorbing matter.

otherwise. From a comparison of different approaches of re The complete cataloque including the astrometric and pho-
dening determinations discussed in Sect. 2 we found that th?se P 9 9 P

S : (%metric data as well as membership determination is available
values of the extinction law provide the least fuzzy and MOSt  chine-readable form at cdsarc. u-strasboura.fr (CDS) via
plausible CMDs. The distance modul{lg — My ) = 11.65™ ' g

determined in Paper | from a sample of stars with the most éalcrlonymous ftp.

curate magnitudes and colors was used for the construction of

cluster’s CMDs. 4. Luminosity function

. Ip Figs.5,6,7 we show the results of the photqmetrlc sele&l— _ Construction of the observed LE

tion in the membership groups 1, 3 and 4. The final results 0

the selection are presented in Table 2. The distribution of cluskerorder to reveal details in the LF of NGC 6611, we used a
membersinth&, Y-planeis shown in Fig. 8. A non-symmetricmore sophisticated technique than the usual histogram construc-
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Table 2. Statistics of the membership determination

No Membership group Group indicator Number Photomet. Cluster
of stars rejected members
1 “Walker’s stars” no proper motions are available 111 27 84
2 Kinematic non-members P(pm) =0 585 - -
3 Core candidates P(pm,zy, core) > 14 68 17 51
4 Corona candidates P(pm, zy, core) < 14 & P(pm, zy, corona) > p§ 287 46 241
5 Non-members P(pm,zy, core) < 14 & P(pm, xy, corona) < p§ 1134 - -
Total 2185 90 376
jHH‘HHHHH‘HHHHHHHHHHH‘NH“‘:
] r L w ]
20F E
| 10F E
R
o _ < L 0
5, oF + J
>~ r R
—10f :
—20 7 “““ [ Liviinin, Liviiiin, [ ! 7

20 10 0 ~10 -20

Fig. 7. Color-magnitude diagram of NGC 6611 for suspected corona X [arcmin]

members .(Group A}). The stars accepted as cluster member.s bypides. Distribution of cluster members in th&,Y — plane of

photometric selection are marked by open squares, the rejectefiGe 6611. Open circles, triangles and crosses indicate the cluster

by crosses. The solid curve is the ZAMS according to Schmidempers in group 1, 3 and 4 (according to Table 1), respectively. CC

Kaler (1982). stars not falling into one of the categories above are plotted as dots.
The other designations are the same as in Fig. 1.

tion. A non-parametric smoothing of the distribution was car-

ried out with the kernel density estimation method using thgagnitudes. Therefore, even if the CC is complete down to a

Epanechnikov kernel (see Silverman, 1986 for more detailsgifen apparent magnitudié*, the observed luminosity func-

the method). The luminosity function was computed as tion suffers from the incompleteness within a range of absolute

5o () — ZK(MV _ MW) magnitudegM{,, MY]:

oA e MY =V* — (Vo - My) - ao,

whereK is Epanechnikov kernel My =V* = (Vo — My) — a1,
B 3(1—a2)/4, |z] <1.0 whereag, a; are the minimum and maximum values of the
K(x) = 0, |z|>1.0 absorption observed in NGC 6611 afidy — My ) is the true

_ _ . _ distance modulus. The CC is complete down)Mg and no
with a smoothing parametér = 0.935 and: running through cluster members withfy, > MY, are included in the CC. Below

the data sample. The smoothing parameter was computeda@/show how this effect and the corresponding correction to the
minimizing the mean integrated square errors for the smoothgd can be evaluated.

luminosity function. Let v(Ay) be a distribution function of absorption values
for cluster stars
4.2. Correction for the incompleteness due to variable dN
absorpti v(Av) =
ption dAy

As we already noted above, the distribution of interstellar apith @ normalization
sorption is highly inhomogeneous in the cluster corona wherg*! da— 1
a typical variation of absorption in thé-band is about 2 or 3 a0 v(a)da=1.
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If (My) = dN/dMy is a “true” cluster LF then the num- wherek, x, anda, b, c are parameters.
ber of members we may expect within given ranges of absolute We assumed a constant SFR for NGC 6611
magnitude( My, My + dMy ) and of absorptiotta, a + da)

will be A(t) = counst.
d(My )v(a)dMyda The resulting parameters for NGC 6611 were drawn from the
best fit of the theoretical and observed Fs
stars. Integrating this expression ouewe derive an “observed”  In order to construct theoretical isochrones and LFs which
luminosity function include both Post-MS and Pre-MS stages for ages typical to that
o (My) of NGC 6611 (1 to 10 Myr), we combined Population | Pre-MS

oh(My) = ¢(Mv)/ v(a)da = cqo(My)d(My) evolutionary tracks of Palla & Stahler (1993) for model masses

ao from 0.6 to 6mg, and Maeder’ group Post-MS calculations

(Schaller et al., 1992) fam = 0.8 +~ 120 m. The grids were

where,c, (My ) is an incompleteness factor, and . . -
ca(Mv) P properly tuned to provide a continuous transition from Pre- to

ai, My < M, Post-MS ages at the same mass as well as smooth and uniform
a*(My) =< V* = My — (Vo — My), M}, < My < MY mass-luminosity and mass-radius relations along the ZAMS.
ao, My > MY. The models were reduced to the Population | chemical abun-

dancet, Z)=(0.30,0.02). The isochrones were computed from

This means that at/yy < M} ¢, = 1, atMy > MY ¢, =0, the grid of tracks by use of linear interpolation.
and within[M7,, MY] ¢, varies in accordance with the distri-  In order to convert the theoretical coordinates
bution v(a) which is derived from the absorption data in théog T..;¢,log L/Ls, of the Hertzsprung-Russell Diagram
CC. (HRD) to the observed valuesB — V)q, My, we used

From Paper | the maximum spread of the absorpfian=  bolometric corrections and3 — V), — log T, s s relations from
a1 — ao reaches almost 7 magnitudes in NGC 6611, while tfschmidt-Kaler’s (1982) tables for the luminosity classes I, IlI
“half-width” of the absorption distribution is 2.5 magnitudes. land V.
other words, the observed LF will be influenced by this kind of
incompleteness at its faint end (at least 2.5 magnitudes). There- , .
fore, we must compare the observations not with the “trug” Results and discussion

theoretical LF¢(My ) but with the “observed” theoretical LF The observed & (My)) and fitted theoretical ;. (My ),

o7 (My). $(My)) LFs are shown in Fig. 9. The smoothed observed LFs
drawn with the solid lines were computed for two sets of data.
4.3. Theoretical luminosity function First, the observed LF (called herewittstrictedLF) was con-

) § ) structed with stars down I6* = 16.4™ what correspondsto the
The “observed” theoretical LE7.(My ) was computed accord- completeness limit of the CC estimated in Paper I. The second
Ing to data set for the LF construction includes all selected members
N _ and extends down to the limiting magnitude of the @ CF).
or(Mv) = ca(My)¢(My) Respectively, the best-fitted theoretical Lk, (My)) were

with computed for theestrictedandfull samples which are repro-
‘" duced by the dotted and dotted-dashed curves in Fig. 9. Addi-
o(My) = / de(My)N(t) dt, tionally, a “true” (incompleteness free) theoretical bEMy/)
to based on the same parameters asdhgictedtheoretical LF is

eqrawn with the dashed line.

The “true” theoretical LFp(My ) and “observed” theoret-
ical LF ¢%.(My) for the restrictedsample differ only due to
the incompleteness factoy, which was derived from the data
on absorption given in the CC. An excellent agreement at faint
magnitudes{.5™ < My < 3™) betweeng’.(My) and the
observedestrictedLF ¢, (My ) gives an evidence that the ob-

) o . servations reflect the H-feature appearinggt > 1™ even
wheref(logm) = dN/dlog mis the initial mass function. The t,oyugh the data are not complete at the faint end (see also the
massA/y relationm(My, t) and its derivative were calculatedgiscyssion below).

along the isochrone of ageby use of a cubic spline interpola- | contrast, we consider another detail (a small dip) in the

tion. _ _ observed LF betweed;, = —4™ and My = —2™ to be
We considered two representations of the IMF:

wheret, andt; are minimum and maximum ages of the clust
stars,p;(My ) is the LF of stars with age(tg < t < t1), A\(¢)
is the star formation rate (SFR) at age

For ¢.(My ) we have:

dN
dMy

dlogm

o(My) = dMy

_ f(logm[Mv,tD\
t t

- ! We also tested a power-law SFR(t) = ¢°, and found that the
— apower-lawf(logm) = km~=* ) best-fit yielded a3-parameter which did not significantly differ from
— alog-normal lawf (log m) = e(¢—@logm—>blog=m) zero.
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Fig. 9. Comparison of the observed and theoretical luminosity func-

tions. The observed LFs;, (My ) based on theestricted(r) andfull - £ig 10, Color-magnitude diagram of the NGC 6611 members (filled
(f) samples are shown with the solid lines. The corresponding thgrcles). The ZAMS from Schmidt-Kaler (1982) is shown by a thick
oretical LFs¢7.(Mv) for the restrictedandfull sample are marked continuous line. The isochrones for 1.3, 3.4 and 6 Myr are drawn with
by the dotted and dotted-dashed curves, respectively. The theorefiga] jines labelled with the corresponding ages (bold numbers). Several
LF ¢(My) computed with the parameters from Table 3 without an¥ost-Ms evolutionary tracks are also plotted (dashed lines, numbers
restrictions for the completeness is drawn with the dashed curve. Th&ajics) and labelled with the corresponding model masses (in solar
vertical bar atMy = 2™ marks the completeness limit of tiell njts). The dotted-dashed line at the bottom labelled with bold ital-
sample. ics 2 is the Pre-MS track dfmg. The horizontal dashed line is the
completeness limit of the sample.

Table 3.NGC 6611 parameters from the LF fitting

Parameter Value Note equacy of stellar models, and therefore, should be regarded as

to 1.3 minimum age, Myr a lower limit for the mean errors of the derived parameters.

4 6.0 maximum age, Myr In addition to the IMF parameters which are traditionally
(t) 3.4 average age, Myr deduced from the LF, we were also able to infer a set of descrip-
a 3.1  IMF parameter tors of the star formation history, ¢1, (¢)) in the cluster. These

b 0.2 IMF parameter evolutionary parameters can be derived for young clusters from
= 12 IMF parameter the comparison of their observed and theoretical LFs provided

that an age-dependent detail (H-feature) can be identified in the
cluster LF (Piskunov & Belikov 1996). The feature occurs due
to the presence of pre-MS stars in young clusters and was found
both in the luminosity functions published in the literature (Be-
likov & Piskunov 1997) and in the Pleiades LF already studied
by the authors (Belikov et al. 1998, 1999a).
caused by statistical fluctuations due to the low number of stars According to Fig. 9, the observed LF based onrtdsdricted
in this magnitude range (see e.g. Fig. 10). sample is affected by the variable absorptiodgt > 0™ and

In Table 3 we present the cluster parameters derived frasninsufficiently deep to describe completely the H-feature oc-
the fit of therestrictedLF. From the comparison of the resultsurring in the theoretical LR{( My )) at My = 1™. In contrast,
obtained with therestrictedand full samples, we found thatthe observed LF from thill sample is in agreement with the
the corresponding cluster parameters do not differ significantlirue” theoretical LF down toMy = 2™. This can be con-
Therefore, we may consider the derived set of the cluster paraitiered as an evidence of the completeness ofuthsample
etersin Table 3to be unbiased with respectto the incompletendsan to My, = 2™. We can conclude that the theoretical cal-
of the data used. The accuracy of the parameters was evaluéieation for the derived cluster parameters is confirmed by the
numerically in the vicinity of the minimum of2-distribution at observations and that a significant decrease of the correspond-
the 99% significance level. We found that our estimates of they observed LF ab/y, = 1™ is related to the fine structure of
age parameters, t1, (t) are accurate within 25% and the IMRthe LF and is not caused by an incompleteness of the data. How-
parameters, b, x have mean errors of about 0.1. It should bever, the limit of the CC is not sufficient to outline the H-feature
stressed that these estimates refer to the accuracy of the fitiogipletely. This will require much deeper observations.
method only and do not take into account such important sourcesFrom the results given in Table 3, the LF analysis provides
of systematic errors as sampling and dereddening errors, inadeasonable age of cluster stars which is in good agreement

Note. The parameters were derived for the range of
—masses: [2.1, 85he,
— absolute magnitudes=p.3™,2.7™].
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both with independent estimates (from 2 to 6 Myr) by Sagar et Now let us discuss whether our conclusions on the star for-
al. (1986), Hillenbrand et al. (1993), Massey et al. (1995), Deation history (e.g., cluster age and age spread) drawn from the
Winter etal. (1997) and with our CMD analysis described belowF analysis can be supported by the cluster CMD. In Fig. 10 the
Also, a considerable age spread among the cluster stars (upfp, (B — V'), diagram of NGC 6611 is plotted with superim-
5 - 6 Myr) derived by Massey et al. (1995) and De Winter et ghosed isochrones for the corresponding ages (see Table 3). In
(1997) could be confirmed by our results, whereas Hillenbrandder to get an idea on the stellar mass scale, Post-MS tracks
et al. (1993) found an agd d - 2 Myr for the bulk oftheir stars are also plotted.
(both MS and Pre-MS). From Fig. 10, a considerable age spread can be concluded
Let us now consider the IMF parameters derived from tleanong the cluster stars. Thgand¢; isochrones embrace the
LF fit. The slopel’ of the log-normal mass function i.e. thecluster stars, both around the turn-off point as well as in the
logarithmic derivative of the IMF could be calculated as vicinity of the turn-on point neai/y, ~ 1™. Although a fainter
dlog f Pre-MS branch is not clearly outlined due to increasing incom-
= = —(a+2blogm)loge. pleteness below/,, ~ 2™, there is a considerable population
dlogm of stars located above the main sequence in a wide range of ab-
The power-law approximation gives the IMF slope = —1.2  solute magnitudesi(yy = —2.0™ + 3™). These objects could
which is common for the whole mass range under study aB€l ither stars with underestimated reddening or Pre-MS stars
comparable witi® = —1.18 for the log-normal IMF atn = still contracting to the main sequence. In the last case, we should
10 mg. According to Table 3, the parameteof a log-normal suggest a considerable (of order of several Myr) age spread in
IMF has a value at the level of its accuracy. Therefore, we mBif>C 6611 and an existence of massive & 7m) Pre-MS
conclude that a power-law approximation (i.e., the dase0) stars atV/y ~ 0™ in the cluster. This statement is in agreement
is sufficient to represent the mass function of NGC 6611 withiith Sagar etal. (1986), Hillenbrand et al. (1993), and de Winter
the studied mass range. The results can be directly compagéal.(1997) who also proposed a presence of massive Pre-MS
with the IMF slopes published for NGC 6611. stars in the cluster. In contrast to Hillenbrand et al. (1993) who
During the last decade, the mass spectra of NGC 6611 st@#nd that a typical age of cluster stars is abbu 2 Myr, we
have been studied by several authors. Due to the large distapeéeve that the cluster stars display the ages within the whole
of the cluster, the investigations were mainly restricted to md@ngelto, 1]. The question whether this spread results from lo-
sive stars. Analysing homogeneous photoelectric UBV data a##l effects in star formation history which is probably different
proper motion membership, Sagar et al. (1986) constructetn4lifferent regions of the cluster or, on the other hand, the star
mass spectrum of a few tens of cluster stars located in the clud@spation history is uniform over the cluster needs an additional
core. The masses were estimated with respect to the theorei@&€ful investigation and is proposed for a future study.
tracks. Within the rangf8.8, 71] m, the IMF slope was found ~ According to the CMD (Fig. 10), a sequential formation of
to be—0.87 + 0.2 if no mass loss was taken into account, angluster stars is not evident from the present data. Both the most
—0.80 + 0.3 in the case of a moderate mass loss. Hillenbraf@assive MS stars and the Pre-MS stars demonstrate the whole
et al. (1993) used optical CCD photometry and spectroscopaige of ages from, to¢;.
data for the construction of IMFin NGC 6611. The masses were
also derived with respect to the theoretical tracks. The slope6of
the IMF was determined for stars with masses alsove, (44
stars) where the mass function could be considered as compléties study was aiming at the construction of the luminosity
and well defined. The slope was derived to-be3 + 0.2 for  function and color-magnitude diagram of the young open clus-
all 44 stars and-1.1 + 0.3 for a sample of stars with the bester NGC 6611 and at the analysis of their relation to the star
photometric data. However, re-reducing the same data by usiognation history and, especially, to the cluster mass function
another mass calibration, different theoretical models as wellar®d age spread in this star-, gas- and dust aggregate.
different scales of effective temperature and bolometric correc- From the proper motion and photometric data of the Com-
tion, Massey et al. (1995) derived a slope-6§.7 + 0.2 in a piled Catalogue published in Paper I, we selected members of
mass range of [7, 75h. This result is similar to the value byNGC 6611 down tal/y, ~ 3™ taking into account its general
Sagar et al. (1986) but differs considerably from the IMF sloggructure and very irregular distribution of absorption across the
suggested for field stars. cluster. This sample is about one order of magnitude larger than
In contrast to the published results, we can support our cdhe samples previously studied. The observed and theoretical
clusions with about one order of magnitude larger sample laminosity functions were constructed and compared by taking
cluster stars. Further, we could extend the investigations téng account incompleteness of the data at faint magnitudes due
larger mass range and involve both MS- and PMS models. Tieevariable absorption. Both log-normal and power-law IMFs
slope we derived for IMF of the NGC 6611 cluster is steeperere tested and an arbitrary spread of stellar ages in the cluster
than that by Sagar et al. (1986) and Massey et al. (1995) bugat a constant star formation rate) was allowed.
confirms the results by Hillenbrand et al. (1993) and is compa- The comparison of the observed and theoretical luminosity
rable with the slope found by Scalo (1998) for the IMF of fielfunctions led us to the following conclusions supported by the
stars. analysis of the cluster color-magnitude diagram:

Summary and conclusions
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The obtained data allow to find out the H-maximum of thigelikov A.N., Kharchenko N.V., Piskunov A.E., Schilbach E., 1999b,
cluster LF, i.e. a feature in the LF structure which is related A&AS 134, 525 (Paper I)

to the turn-on point of the cluster CMD and can be used Hglenbrand L.A., Massey P., Strom S.E., Merrill K.M., 1993, AJ 106,
an independent age indicator of the cluster. 1906

. Within the studied mass range = [2.1, 85| m, the KampL.W. 1974, AZAS16, 1

power-law IMF is sufficient to represent the mass functio’\[!flassey P., Johnson K.E., DeGioia-Eastwood K., 1995, ApJ 454, 151

- . alla F., Stahler S.W., 1993, ApJ 418, 414
of the cluster. A slope df = —1.2 determined for the MaSS o1 unov A.E.. Belikov A.N.. 1996, Pis'ma AZh 22, 522

function of NGC 6611 is in good agreement with the slop§agar R. Joshi U.C.. 1979 A&AS 66. 3

assumed for the IMF of field stars. Sagar R., Piskunov A.E., Myakutin V.., Joshi U.C., 1986, MNRAS

. The cluster age of 6 Myr derived both from the LF and 220, 383

CMD analysis is compatible with previous estimations. Wscalo, J.M., 1998, In: Gilmore G., Howell D. (eds.) Stellar initial mass

also confirm a considerable (of the order of the cluster age) function. ASP Conf. Ser. 142, p. 201

spread of individual ages of cluster stars. No evidence $¢haller G., Schaerer D., Meynet G., Maeder A., 1992, A&AS 96, 269

sequentia| star formation was found from our data. Schmidt-Kaler Th., 1982, Landolt-Berstein Numerical Data and Func-
tional Relationships in Science and Technology. New Series,
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