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ABSTRACT

Context. Structural parameters of model star clusters are measured in radial profiles built from number-density, mass-density and
surface-brightness distributions, assuming as well different photometric conditions.

Aims. We determine how the core, half-star count and tidal radii, as well as the concentration parameter, all of which are derived from
number-density profiles, relate to the equivalent radii measured in near-infrared surface-brightness and mass-density profiles. We also
quantify changes in the resulting structural parameters due to depth-limited photometry.

Methods. Star clusters of different ages, structure and mass functions are modelled by assuming that the radial distribution of stars
follows a pre-defined analytical form. Near-infrared surface brightness and mass-density profiles result from mass-luminosity relations
taken from a set of isochrones. Core, tidal and half-light, half-mass and half-star count radii, together with the concentration parameter,
are measured in the three types of profiles, which are built under different photometric depths.

Results. While surface-brightness profiles are almost insensitive to photometric depth, radii measured in number-density and mass-
density profiles change significantly with it. Compared to radii derived with deep photometry, shallow profiles result in lower values.
This effect increases for younger ages. Radial profiles of clusters with a spatially-uniform mass function produce radii that do not
depend on depth. With deep photometry, number-density profiles yield radii systematically larger than those derived from surface-

brightness ones.

Conclusions. In general, low-noise surface-brightness profiles result in uniform structural parameters that are essentially independent
of photometric depth. For less-populous star clusters, those projected against dense fields and/or distant ones, which result in noisy
surface-brightness profiles, this work provides a quantitative way to estimate the intrinsic radii by means of number-density profiles

built with depth-limited photometry.
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1. Introduction

Star clusters are a powerful tool in the investigation of Galaxy
structure and dynamics, star formation and evolution processes,
and as observational constraints to N-body codes. This applies
especially to the long-lived and populous globular clusters (GCs)
that, because of their relatively compact nature, can be observed
in most regions of the Galaxy, from near the center to the remote
halo outskirts.

In general terms, the structure of most star clusters can be
described by a rather dense core and a sparse halo, but with a
broad range in the concentration level. In this context, the stan-
dard picture of a GC assumes a isothermal central region and a
tidally truncated outer region (e.g. Binney & Merrifield 1998).
Old GCs, in particular, can be virtually considered as dynami-
cally relaxed systems (e.g. Noyola & Gebhardt 2006). During
their lives clusters are continually affected by internal processes
such as mass loss by stellar evolution, mass segregation and low-
mass star evaporation, and external ones such as tidal stress and
dynamical friction e.g. from the Galactic bulge, disk and giant
molecular clouds (e.g. Khalisi et al. 2007; Lamers et al. 2005;
Gnedin & Ostriker 1997). Over a Hubble time, these processes
tend to decrease cluster mass, which may accelerate the core

collapse phase for some clusters (Djorgovski & Meylan 1994,
and references therein). Consequently, these processes, com-
bined with the presence of a central black hole (in some cases)
and physical conditions associated to the initial collapse, can af-
fect the spatial distribution of light (or mass) both in the cen-
tral region and at large radii (e.g. Gnedin et al. 1999; Noyola &
Gebhardt 20006).

It is clear from the above that crucial information related to
the early stages of Galaxy formation, and to the cluster dynami-
cal evolution, may be imprinted in the present-day internal struc-
ture and large-scale spatial distribution of GCs (e.g. Mackey &
van den Bergh 2005; Bica et al. 2006). To some extent, this rea-
soning can be extended to the open clusters (OCs), especially
the young, which are important to determine the spiral arm and
disk structures and the rotation curve of the Galaxy (e.g. Friel
1995; Bonatto et al. 2006). Consequently, the derivation of reli-
able structural parameters of star clusters, GCs in particular, is
fundamental to better define their parameter space. This, in turn,
may result in a deeper understanding of the formation and evo-
lution processes of the star clusters themselves and the Galaxy.

Three different approaches have been used to derive
structural parameters of star clusters. The more traditional
one is based on the surface-brightness profile (SBP), which
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considers the spatial distribution of the brightness of the compo-
nent stars, usually measured in circular rings around the cluster
center. The compilation of Harris (1996, and the 2003 update')
presents a basically uniform set of parameters for 150 Galactic
GCs. Among their structural parameters, the core (R.), half-light
(RyL) and tidal (Ry) radii, as well as the concentration param-
eter ¢ = log(R¢/R.), were based mostly on the SBP database
of Trager et al. (1995). SBPs do not necessarily require cluster
distances to be known, since the physically relevant information
contained in them is essentially related to the relative brightness
of the member stars. In principle, it is easy to measure integrated
light. However, SBPs are more efficient near the cluster center
than in the outer parts, where noise and background starlight
may be a major contributor. Another potential source of noise
is the random presence of bright stars, either from the field or
cluster members, especially outside the central region in the less-
populous GCs or most of the OCs. Structural parameters derived
from such SBPs would certainly be affected. One way to min-
imise this effect is the use of wide rings throughout the whole
radius range, but this would cause spatial resolution degradation
on the profiles, especially near the center.

The obvious alternative to SBPs is to use star counts to
build radial density profiles (RDPs), in which only the projected
number-density of stars is taken into account, regardless of the
individual star brightness. This technique is particularly appro-
priate for the outer parts, provided a statistically significant, and
reasonably uniform, comparison field is available to tackle the
background contamination. On the other hand, contrary to SBPs,
RDPs are less efficient in central regions of populous clusters
where the density of stars (crowding) may become exceedingly
large. In such cases it may not be possible to resolve individual
stars with the available technology.

Finally, a more physically significant profile can be built by
mapping the cluster’s stellar mass distribution, which essentially
determines the gravitational potential and drives most of the dy-
namical evolution. However, mass density profiles (MDPs) not
only are affected by the same technical problems as the RDPs
but, in addition, the cluster distance, age and a reliable mass-
luminosity relation are necessary to build them.

In principle, the three kinds of profiles are expected to yield
different values for the structural parameters under similar pho-
tometric conditions, since each profile is sensitive to differ-
ent cluster parameters, especially the age and dynamical state.
Qualitatively, the following effects, basically related to dynam-
ical state, can be expected. Large-scale mass segregation drives
preferentially low-mass stars towards large radii (while evapora-
tion pushes part of these stars beyond the tidal radius, into the
field), and high-mass stars towards the central parts of clusters.
If the stellar mass distribution of an evolved cluster can be de-
scribed by a spatially variable mass function (MF) flatter at the
cluster center than in the halo, the resulting RDP (and MDP)
radii should be larger than SBP ones. The differences should be
more significant for the core than the half and tidal radii, since
the core would contain, on average, stars more massive than the
halo and especially near the tidal radius. Besides, the presence of
bright stars preferentially in the central parts of young clusters
(Bonatto & Bica 2005, and references therein) should as well
lead to smaller SBP core and half-light radii than the respective
RDP ones.

Another relevant issue is related to depth-limited photome-
try. When applied to the observation of objects at different dis-
tances, depth-limited photometry samples stars with different

I http://physun.physics.mcmaster.ca/Globular.html

C. Bonatto and E. Bica: Structural parameters of model star clusters

brightness (or mass), especially at the faint (or low-mass) end.
Thus, it would be interesting to quantify the changes produced
in the derived parameters when RDPs, MDPS and SBPs are built
with depth-limited photometry, as well as to check how the struc-
tural parameters derived from one type of profile relate to the
equivalent radii measured in the other profiles.

In the present work we face the above issues by deriving
structural parameters of star clusters built under controlled con-
ditions, in which the radial distribution of stars follows a pre-
established analytical profile, and field stars are absent. Effects
introduced by mass segregation (simulated by a spatially vari-
able mass function), age and structure are also considered. This
work focuses on profiles built in the near-infrared range. The
main goal of the present work is to examine relations among
structural parameters measured in the different radial profiles,
built under ideal conditions, especially noise-free photometry
and as small as possible statistical uncertainties (using a large
number of stars). In this sense, the results should be taken as
upper-limits.

This work is structured as follows. In Sect. 2 we present the
star cluster models and build radial profiles with depth-limited
photometry. In Sect. 3 we derive structural parameters from each
profile, discuss their dependence on depth, and compare simi-
lar radii derived from the different types of profiles. In Sect. 4
we compare relations derived from model parameters with those
of the nearby GC NGC 6397. Concluding remarks are given in
Sect. 5.

2. The model star clusters

For practical reasons, the model star clusters are simulated by
first establishing the number-density radial distribution. The ap-
proach we follow is to build star clusters of different ages and
concentration parameters, with the spatial distribution of stars
truncated at the tidal radius (R;). Stars are distributed with dis-
tances to the cluster center in the range 0 < R < R, with the R
coordinate having a number-frequency given by a function sim-
ilar to a King (1962) three-parameter surface-brightness profile.
The mass and brightness of each star are subsequently computed
according to a pre-defined mass function and mass-luminosity
relation consistent with the model age. The last step is required
for the derivation of the MDP and SBPs.

We point out that different, more sophisticated analytical
models have also been used to fit the SBPs of Galactic and
extra-Galactic GCs, other than King (1962) profile. The most
commonly used are the single-mass, modified isothermal sphere
of King (1966) that is the basis of the Galactic GC parameters
given by Trager et al. (1995) and HO3, the modified isother-
mal sphere of Wilson (1975), that assumes a pre-defined stellar
distribution function (which results in more extended envelopes
than King 1966), and the power-law with a core of Elson et al.
(1987) that has been fit to massive young clusters especially
in the Magellanic Clouds (e.g. Mackey & Gilmore 2003a,b,c).
Each function is characterised by different parameters that are
somehow related to the cluster structure. However, the purpose
here is not to establish a “best” fitting function of the structure of
star clusters in general. Instead, we want to quantify changes in
the structural parameters, derived from RDPs, MDPs and SBPs
of star clusters with the stellar distribution assumed to follow an
analytical function, under different photometric conditions. We
expect that changes in a given parameter should have a small
dependence, if any at all, on the adopted functional form.
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Table 1. Model star cluster specifications.
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Model R/R. c Xo Xt Age [Fe/H] m; mg (m) M;(TO) M;(bright) M;(faint)
(Myr) Mo) (Mo) (Mo) (mag) (mag) (mag)
() 2 (€)] 4 ()] (6) @) ® 9 a9 (11) (12) (13)
GC-A 5 0.7 0.00 1.35 10* -1.5 0.15 1.02 0.43 +2.86 -2.14 +9.12
GC-B 20 1.3 0.00 1.35 104 -1.5 0.15 1.02 0.43 +2.86 -2.14 +9.12
GC-C 20 1.3 0.00  0.00 10* -1.5 0.15 1.02 0.46 +2.86 -2.14 +9.12
GC-D 40 1.6 0.00 1.35 104 -1.5 0.15 1.02 0.43 +2.86 -2.14 +9.12
OC-A 15 1.2 0.30 1.35 10° 0.0 0.15 2.31 0.59 +0.32 -2.68 +9.18
OC-B 15 1.2 0.30 1.35 100 0.0 0.15 5.42 0.92 -1.82 -4.82 +9.18
ocC-C 15 1.2 0.30 1.35 10 0.0 0.15 18.72 1.76 -4.82 -8.82 +9.18

Notes. Col. 3: concentration parameter ¢ = log(R,/R.). Cols. 4 and 5: mass function slopes at the cluster center and tidal radius. Cols. 8-10: lower,
upper and average star mass. Col. 11: absolute J magnitude at the turnoff (TO). Cols. 12 and 13: absolute J magnitude at the bright and faint ends.

The adopted King-like radial distribution function is ex-
pressed as

2
dN 1 1

27RdR 7o \/1 + (R/R.)? - \/1 + (R(/R.)? ’

)]

where o7 is the projected number-density of stars at the cluster
center, and R, and R, are the core and tidal radii, respectively.
Since structural differences are basically controlled by the ratio
R{/R., we set R, = 1 in all models. Such a King-like RDP (for
oo = 1.0) is obtained by numerically inverting the relation (see
Appendix A)

R) = 2 —4u(V1+x2-D+u?In(l +x%)
n(R) = 2 — (u-DGu—-1)

; 2

where x = R/R. and ? = 1 + (R/R.)*. Thus, a random selection
of numbers in the range 0 < n < 1 produces a King-like radial
distribution of stars with the radial coordinate in the range 0 <
R/R; < 1. The R/R; curves as a function of n for the models
considered in this work are shown in Fig. 1 (Panel a).

Once a given star has been assigned a radial coordinate, its
mass is computed with a probability proportional to the mass
function

dN

—(1+x)
o m R
dm

3)
where the slope varies with R according to y = y(R) = ¢+ (vt —
XY0)(R/R;—1), where y( and y; are the mass function slopes at the
cluster center and tidal radius, respectively (Table 1 and Fig. 1).
Thus, the presence of large-scale mass segregation in a star clus-
ter can be characterised by a slope y flatter than y. Mass values
distributed according to Eq. (3) are obtained by randomly se-
lecting numbers in the range 0 < n < 1 and using them in the
relation of mass with n and y (Appendix A)

| mi (mg/my)", for y = 0.0, 4
"\ my/[(1 = n)(mg/my)¥ +n)'X, otherwise, *
where m; and m; are the lower and upper mass values considered
in the models (Table 1).

In what follows we adopt the 2MASS? photometric system
to build SBPs. Finally, the 2MASS J, H and K; magnitudes
for each star are obtained according to the mass-luminosity re-
lation taken from the corresponding model (Table 1) Padova
isochrone (Girardi et al. 2002). For illustrative purposes the
model isochrones are displayed in Fig. 1 (panel c).

2 http://www.ipac.caltech.edu/2mass/releases/allsky/
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Fig. 1. Model star cluster specifications. Panel a): a random selection of
n in the range 0 < n < 1 produces King-like RDPs in the range 0 <
R < R, (see Eq. (2)). Panel b): Radially-variable mass function slopes
(‘;—Z o m‘“*”) used in the models. Panel ¢): Padova isochrones used to
simulate the mass-luminosity relation of the star cluster models. The
10 Gyr, [Fe/H] = —1.5 metallicity isochrone is adopted in the globular
cluster models. Panel d): distribution of concentration parameters of the
GCs in HO3 with peaks at ¢ = 1.6, 1.3, and 0.7. Panel e): model fraction
of stars brighter than M; = M, , +Aro. In all cases, the fraction of stars
brighter than the TO (M,,,,) is below the 1% level.

The set of models considered here is intended to be ob-
jectively representative of the star cluster parameter space. For
globular clusters we use the standard age of 10Gyr and the
spatially uniform metallicity [Fe/H] = -1.5, which is typ-
ical of the metal-poor Galactic GCs (e.g. Bica et al. 2006).
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However, we note that abundance variations have been sug-
gested to occur within GCs (e.g. Gratton et al. 2004). Basically,
small to moderate metallicity gradients would produce slight
changes in the colour and magnitude of the stars in different
parts of the cluster, which has no effect on the (star-count de-
rived) RDPs and MDPs. The effect on the SBPs may be small
as well, provided that the magnitude bin used to build the
SBPs is wide enough to accommodate such magnitude changes.
As for the core/tidal structure we consider the ratios R /R. =
40, 20, 15, and 5, or equivalently the concentration parameters
¢ = log(R/R;) ~ 1.6, 1.3, 1.2, and 0.7, which roughly corre-
spond to the peaks in the distribution of ¢ values presented by
the regular (non-post core collapse) GCs given in HO3 (Fig. 1,
panel d). Models GC-A, B and D take into account mass segre-
gation by means of a flat (yo = 0.00) mass function at the center
and a Salpeter (1955) IMF (y; = 1.35) at the tidal radius. GC-
C model is similar to GC-B, except that it considers a uniform,
heavily depleted MF (y¢ = 0.00) throughout the cluster. OCs are
represented by solar-metallicity models with the ages 10 Myr (to
allow for the presence of bright stars in young OCs), 100 Myr
(somewhat evolved OCs) and 1Gyr (intermediate-age OCs),
Ri/R. = 15 (¢ = 1.2) and a spatially variable MF (Table 1).
The values of ¢ and the core/halo MF slopes are representative
of OCs (Bonatto & Bica 2005). Another effect not considered
here is differential absorption. In principle, low to moderate dif-
ferential absorption should have a minimum effect on the radial
profiles, because of the same reasons as those given above for the
metallicity gradient. High values, on the other hand, would affect
RDPs as well, because of a radially-dependent loss of stars due
to depth-limited photometry. However, inclusion of this effect is
beyond the scope of the present work.

As expected, the fraction of stars brighter than the turnoff
(TO) in the resulting star cluster models is significantly smaller
than 1% (Fig. 1, panel e). Thus, we had to use a total number of
stars of 1 x 10° in all models, so that the radial profiles resulted
statistically significant (small 1o~ Poisson error bars) especially
at the shallowest magnitude depth.

2.1. Depth-varying radial profiles

The radial profiles were built considering all stars brighter than
a given magnitude threshold, with the TO as reference. At the
bright end, statistically significant GC profiles were obtained for
Ato = My m—Mj 1o = -5, where My , and Mj 1o are the thresh-
old and TO absolute magnitudes in the 2MASS J band. At the
faint end, GC-models have Atg = 6.3. OC models have Atg =
—3 and — 4 at the bright end, and Ao = 8.9, 11.0, and 14.0, at
the faint end.

Starting at the bright magnitude end, RDPs, MDPs and SBPs
were built considering stars with the J magnitude brighter than
a given faint threshold, with the magnitude depth increasing in
steps of Ato = 1, up to the respective faint magnitude end.

Figure 2 displays a selection of profiles corresponding to
both extremes in magnitude depths, for the GC-D and OC-C
models. These profiles are representative of the whole set of
models, especially in terms of the small uncertainties associated
with each radial coordinate. Reflecting the large differences in
the number of stars at different photometric depths, the central
values of the number and mass densities, and surface-brightness,
vary significantly from the shallowest to the deepest profiles.
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Fig. 2. A selection of RDPs (top panels), MDPs (middle) and 2MASS J
magnitude SBPs (botfom) that illustrate structural changes under differ-
ent magnitude depths. Arbitrary units (au) are used both for the radial
coordinate and projected area.

3. Structural parameters vs. photometry depth

The depth-varying model SBPs are fit with the empirical three-
parameter function introduced by King (1962) to describe the
surface-brightness distribution of GCs, which is characterised
by the presence of the core and tidal radii. For RDPs and MDPs
we use the King-like analytical profile that describes the pro-
jected number-density of stars as a function of R, and Ry, 0(R) =
27rdIéVdR’ as given by Eq. (1). We also compute the distances from
the center which contains half of the cluster’s total light, stars
and mass. The half-star count (Rpsc), light (Rpr) and mass (Rym)
radii are derived by directly integrating the corresponding pro-
files.

A selection of the resulting structural parameters as a func-
tion of At is given in Table 2. For simplicity we only present
the values obtained from the bright and faint magnitude ranges,
as well as for M; < M to. The whole set of parameters are con-
tained in Figs. 3-6. At first glance, RDP and MDP radii present a
significant decrease for shallower photometry, with respect to the
intrinsic values. SBP radii, on the other hand, are more uniform.
The most noticeable feature is that, except for GC-C (uniform
mass function), RDP and MDP radii tend to become increas-
ingly larger than SBP ones with increasing photometric depth.

3.1. Dependence on photometric depth

In Fig. 3 we compare the radii measured in GC profiles built with
a given photometric depth (e.g. R.(Atp)) with the intrinsic ones,
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Table 2. Model star cluster structural parameters for different photometric depths.
RDP MDP SBP (J band)
Aro R. Risc R, R. Rum R R. RuL R
(mag) (au) (au) (au) (au) (au) (au) (au) (au) (au)
(H (2 (3 4 (5) (6) ) ® © (10)
Model: GC-A; Input RDP parameters: R. = 1.0, R, = 5.0
=50 078+(f) 1.02x(f) 4.61=x0.01 078 £(f) 1.02x(f) 4.61+0.01 0.75+0.01 1.0 £(f) 4.80+0.01
0.0 076x(f) 1.02x(f) 4.77+0.01 0.76 £ (f) 1.02+(f) 4.77+0.01 0.75+0.01 1.01 £(f) 4.79+0.01
+63 1.00+£(f) 1.19+(f) 5.00=+0.01 0.92+(f) L14+(f) 491+ 0.75+0.01 1.03+(f) 4.80+0.01
Model: GC-B; Input RDP parameters: R, = 1.0, R, = 20.0
-5.0 0.87+0.01 2.03+(f) 17.31+£0.08 0.87+0.01 2.03+(f) 17.31+£0.08 0.86+0.01 2.04+0.01 17.82+0.05
0.0 0.83+£0.01 2.03x(f) 1872+0.08 0.83+0.01 2.03+(f) 18.72+0.08 0.86+0.01 2.03+(f) 17.80=+0.03
+63  1.00£(f) 2.39+(f) 20.00 = (1) 095+ (f) 227+(f) 19.28+0.03 0.86+0.01 2.05=+(f) 17.80+0.02
Model: GC-C; Input RDP parameters: R, = 1.0, R, = 20.0
=50 1.00+(f) 2.38+0.01 20.02+0.03 1.00 = () 2.38+£0.01 20.02 +£0.04 1.00 = () 2.38+0.01 19.94 +0.06
0.0 1.00+(f) 239+(f) 20.00=+0.01 1.00£(f) 2.39+(f) 20.00+0.01 100+ () 239+(f) 19.95+0.03
+6.3  1.00+(f) 239+(f) 20.00 = () 1.00 £ ()  2.39x(f) 20.00 +(}) 1.00 £ ()  2.39x(f) 19.97 £0.03
Model: GC-D; Input RDP parameters: R, = 1.0, R, = 40.0
-5.0 0.90+0.01 2.81+0.02 3396+0.19 090+0.01 2.81+0.02 3396+0.19 091001 2.82=+(f) 34.18+0.05
0.0 086+0.01 282x(f) 37.15+0.17 086+0.01 2.82+(f) 37.15+0.17 091+0.01 2.82+(f) 34.00=+0.05
+6.3  1.00£(f) 3.30+£(f) 39.99 +0.01 096+ () 3.14+(f) 3851007 091+£0.01 2.82=+(f) 34.20+0.04
Model: OC-A; Input RDP parameters: R. = 1.0, R, = 15.0
-3.0 0.82+0.01 1.70+(f) 12.85+0.07 0.82+0.01 1.70+(f) 12.85+0.07 081001 1.72+(f) 13.18+0.02
0.0 078001 1.72+(f) 13.78+0.06 0.78+0.01 1.72+(f) 13.78+0.06 0.82+0.01 1.72+(f) 13.19+0.02
+8.9 1.00£(f) 2.08=+(f) 15.00+0.01 091 +£(f) 193+(f) 1443+0.03 0.81+£0.01 1.73+(f) 13.20+0.01
Model: OC-B; Input RDP parameters: R, = 1.0, R, = 15.0
=30 0.72+0.01 1.61+(f) 1330+0.08 0.72+0.01 1.61x(f) 13.30+£0.08 0.76+0.01 1.61=+(f) 12.75+0.03
0.0 070+0.02 1.61+(f) 13.67+0.08 0.70+0.02 1.61+(f) 13.67+0.08 0.77+0.01 1.61+(f) 12.74+0.03
+11.0 1.00£ () 2.08=x(f) 15.00 « () 0.84 +£0.01 1.84+(f) 1433004 0.74+0.02 1.63+(f) 12.75+£0.02
Model: OC-C; Input RDP parameters: R, = 1.0, R, = 15.0
-4.0 0.62+0.02 149+(f) 13.06+0.10 0.62+0.02 1.49+(f) 13.05+£0.10 0.71+£0.01 1.49+(f) 11.99+0.03
00 062+0.02 149+(f) 13.10+£0.10 0.62+0.02 149+(f) 13.09+0.10 0.71+£0.01 149+(f) 11.99 +0.03
+14.0 1.00x () 2.08=x(f) 15.00« () 0.70+£0.02 1.70+(f) 1435+0.05 0.64+0.03 1.49+(f) 12.00+0.02

Notes. (T): uncertainty smaller than 0.01 arbitrary units (au). The half-type radii are half-star counts (Rysc), half-mass (Ryy) and half-light (Ry.).

i.e. those derived from the deepest profiles (R geep). RDP param-
eters are more affected than the MDP ones, while the SBP ones
are essentially uniform, thus insensitive to photometric depth.
Among the radii, RDP and MDP core are the most affected (un-
derestimated), followed by the half and tidal radii. In the most
concentrated model (GC-A, ¢ ~ 0.7), measurements or R in the
RDP may be underestimated by a factor ~25% in profiles shal-
lower than near the TO, with respect t0 R, deep, and ~20% in
MDPs. The effect is smaller in Rysc and Rpy;, which may be un-
derestimated by ~15% in the same profiles. The underestimation
in the tidal radii is smaller than ~10%. As expected, RDP, MDP
and SBP radii do not change when the mass function is uniform
(GC-C model).

Similar radii ratios in the OC models are examined in Fig. 4.
Qualitatively, the same conclu<sions drawn from the GC models
apply to the OC ones. However, the underestimation factor of
RDP radii increases for younger ages, to the point that R, drops
to ~60% of the deepest value for all profiles shallower than ~3
mag below the TO in the OC-C model (10 Myr), and to ~70% for
OC-B (100 Myr). The respective half-star count radii are affected
by similar, although smaller, underestimation factors. MDP radii
are less affected by cluster age than RDP ones. Similarly to the
GC models (Fig. 3), the three types of SBP radii are essentially
insensitive to photometric depth, within uncertainties. We note
that the presence of bright stars in the central region of young
clusters (OC-C) appears to introduce a small dependence of the
core radius on photometric depth (bottom-right panel).

3.2. Comparison of similar radii among different profiles

Differences on the same type of radii among the profiles, intro-
duced essentially by a spatially variable MF, are discussed in
Fig. 5 for the GC models. Regardless of the model assumptions,
RDP and MDP radii are essentially the same, except for the pro-
files corresponding to deep photometry, for which the RDP radii
become slightly larger than the MDP ones. This occurs basically
because of the larger fraction of low-mass stars at the outer parts
of the clusters. Since all stars have equal weight in the building
of the RDPs, the accumulation of low-mass stars at large radii
ends up broadening the RDPs with respect to the MDPs. On the
other hand, RDP core and half-star count radii tend to be larger
than the SBP ones for profiles including stars fainter than near
the TO. RDP R, may be 10-20% larger than SBP ones for all
depths. As discussed above, the uniformly-depleted MF of GC-C
model produces profiles whose radii are independent of photom-
etry depth. The RDP to SBP core and tidal radii ratios decrease
with concentration parameter. The RDP to SBP half-type radii
ratios do not depend on c.

The same analysis applied to the OC models is discussed
in Fig. 6. The presence of massive stars in young clusters en-
hances the RDP to MDP radii ratios, especially the core and
to some extent, the half-type radii. This occurs for profiles
that contain stars brighter than ~4 mag below the TO. For the
youngest model (OC-C), the core radius measured in the RDP
may be ~40% larger than the MDP one. This effect is enhanced
when RDP radii are compared to SBP ones, again decreasing in
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Fig. 3. Structural parameters of the GC models. Top panels: ratio of
the tidal radius measured in profiles with a photometric depth Ao with
respect to that derived from the deepest one, for the RDPs (left pan-
els), MDPs (vertical-middle) and SBPs (right). Horizontal-middle pan-
els: half-type radii. Bottom: core radii. TO values are indicated by the
dotted line. Except for GC-C (uniform mass function), the remaining
models present changes in radii in the RDPs and MDPs. SBP radii are
essentially uniform.

intensity from the core to tidal radii. For OC-C, RDP core, half
and tidal radii are ~55%, ~40%, and ~25% larger than the equiv-
alent SBP ones. Comparing with the GC models (Fig. 5), the
presence of a larger fraction of more massive (brighter) stars to-
wards the center in young clusters tend to enhance radii ratios of
RDP with respect to MDP, and especially, RDP to SBP.

3.3. Further relations

The models discussed in previous sections can be used as well
to examine the dependence of the half-type radii with the con-
centration parameter, and to test how ¢ varies with photometric
depth. These issues are presented in Fig. 7.

As already suggested by Figs. 3 and 4, the relation of the half
radius with c, in a given model, changes significantly with photo-
metric depth in RDPs (panel a) and MDPs (panel b). In SBPs, on
the other hand, it is almost insensitive to depth (panel c). From
Eq. (1), the half-star count radius is tightly related to the con-
centration parameter according to Rpsc = (0.69 +0.01)+ (1.01 £
0.01) ¢%. This curve fits well the values measured in the deepest
RDP of all GC and OC models alike (panel a). Such a relation
fails for the shallower profiles. A similar, but poorer, relation
applies to the values derived from the deepest MDPs (panel b),
Rim = (0.63 £ 0.09) + (0.99 + 0.05) ¢2. It fails especially for the

C. Bonatto and E. Bica: Structural parameters of model star clusters

RDP

0.8 [%a., + 1 1
@ g7 [*4¥ + 1 1

iERay
0.6 1l L L b L L b L L ]

-4 0 4 8 12 -4 0 4 8 12 -4 0 4 8 12
A, (mag) A, (mag) A, (mag)

Fig.4. Same as Fig. 3 for the OC models. For comparison purposes,
the y-scale is the same as in Fig. 3. Similarly to the GC models, radii
changes are conspicuous in the RDPs and MDPs.

young (OC) models. The GC SBPs, on the other hand, can be
poorly fit with the linear function Ry, = (-0.9+0.1)+(2.4+0.1) ¢
(panel c).

Concentration parameters measured in RDPs and MDPs
(panels d and e) change with photometric depth. Around the
TO they reach the maximum value, which corresponds to a star
cluster ~15% more concentrated than the pre-established value
(Table 1). At the shallowest profiles ¢ presents a value interme-
diate between the maximum and the pre-established one, which
is retrieved at the deepest profiles with the inclusion of the nu-
merous low-mass stars. The exception again is the uniform MF
model GC-C, whose ¢ values do not change with Arg. ¢ val-
ues measured in SBPs are essentially insensitive to photometric
depth (panel f).

4. NGC 6397: a test case

We compare the results derived for the model star clusters with
similar parameters measured in the My = —-6.63, nearby GC
(do = 2.3kpc) NGC 6397. Being populous is important to pro-
duce statistically significant radial profiles, while the proxim-
ity allows a few magnitudes fainter than the giant branch to be
reached with depth-limited photometry.

NGC 6397 is a post-core collapse GC with evidence of large-
scale mass segregation, as indicated by a mass function flatter at
the center than outwards (Andreuzzi et al. 2004, and references
therein).
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Fig. 5. GC model profiles. Ratio between the same type of radii as mea-
sured in RDPs and MDPs (left panels) and RDPs and SBPs (right pan-
els). From top to bottom: tidal, half and core radii. TO values are indi-
cated by the dotted line.

Additional relevant data (from HO3) for the metal-poor
([Fe/H] = —1.95) GC NGC 6397 are the Galactocentric dis-
tance Rgc = 6kpc, half-light and tidal radii (measured in the
V band) Ry, = 2.33’ and R; = 15.81’, and Galactic coordinates
¢ =338.17°, b = —11.96°. Thus, bulge star contamination is not
heavy, and cluster sequences can be unambiguously detected,
which is important for the extraction of radial profiles with small
errors (see below). Using SBPs built with 2MASS images and a
fit with King (1962) profile, Cohen et al. (2006) derived the core
radius in the J band R.(J) = 61.5” + 9.3”. However, based on
Hubble Space Telescope data and using a power-law plus core as
fit function, Noyola & Gebhardt (2006) derived R, = 3.7” in the
equivalent V band, thus roughly resolving the post-core collapse
nucleus.

The post-core collapse state of NGC 6397 does not affect
the present analysis, since the goal here is the determination of
changes produced in cluster radii derived under the assumption
of a King-like profile (Sect. 3) applied to RDP, MDP and SBPs
built with different magnitude depths. We base the analysis of
NGC 6397 on J, H and K; 2MASS photometry extracted us-
ing Vizie R? in a circular field of radius Rey = 70’ centered on
the coordinates provided in HO3. This extraction radius is large
enough to encompass the whole cluster, allowing as well for a
significant comparison field.

For a better definition of the cluster sequences we ap-
ply the statistical decontamination algorithm described in

3 vizier.u-strasbg.fr/viz-bin/VizieR?-source=I1/246
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Fig. 6. Same as Fig. 5 for the OC models. For comparison purposes, the
y-scale is the same as in Fig. 5.

Bonatto & Bica (2007), which takes into account the relative
number-densities of candidate cluster and field stars in small cu-
bic CMD cells with axes corresponding to the magnitude J and
the colours (J — H) and (J — Kj). Basically, the algorithm (i) di-
vides the full range of magnitude and colours of the CMD into
a 3D grid; (ii) computes the expected number-density of field
stars in each cell based on the number of comparison field stars
with magnitude and colours compatible with those in the cell;
and (iii) subtracts the expected number of field stars from each
cell. Typical cell dimensions are AJ = 0.5, and A(J - H) =
A(J — K;) = 0.25, which are large enough to allow sufficient
star-count statistics in individual cells and small enough to pre-
serve the morphology of the CMD evolutionary sequences. The
comparison field is the region located between 50 < R(") < 70,
which is beyond the tidal radius.

Field-decontaminated CMDs allow for a better definition of
colour-magnitude filters, useful to remove stars (and artifacts)
with colours compatible with those of the field which, in turn,
improves the cluster/background contrast in RDPs and SBPs.
They are wide enough to accommodate cluster MS and evolved
star colour distributions and dynamical evolution-related effects,
such as enhanced fractions of binaries and other multiple sys-
tems (e.g. Bonatto & Bica 2007; Bonatto et al. 2005).

Figure 8 (panel a) displays the decontaminated CMD of a
central region of NGC 6397, with R < 5’, somewhat larger than
the half-light radius (Table 3). We take J = 15 as reference to ex-
tract the depth-variable profiles. RDPs and SBPs are built with
colour-magnitude filtered photometry, with the faint end vary-
ing in steps of Ay;s = 0.5, with the deepest (i.e. at the available
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tration parameter as a function of photometric depth.

2MASS depth) profile beginning at J = 16 and the brightest one
ending near the giant clump at J = 13. The extracted profiles are
fitted with the King-like function discussed in (Sect. 2). A se-
lection of depth-limited RDPs, together with the respective fits
and uncertainties, is shown in Fig. 8, and the corresponding RDP
and SBP (J band) radii are given in Table 3. Within uncertain-
ties, the present value of the core radius (for the deepest profile),
R.(J) = 1.4 £ 0.3/, agrees with that derived by Cohen et al.
(2006), using the same fit function. The near-infrared half-light
radius, on the other hand, is larger than the optical one (HO3),
Ru(J) = L.5Ry (V).

Effects of the varying magnitude depth on the radii of
NGC 6397 are examined in Fig. 9. Qualitatively, the resulting
curves agree, within uncertainties, with the behaviour predicted
by the GC models (Figs. 3 and 5). Compared to the values mea-
sured in the deepest RDP, the tidal (panel a), half-star counts (b)
and core (c) radii decrease for shallower profiles, especially for
Ajis > —0.5, remaining almost uniform for A5 < —0.5. In par-
ticular, the core radius measured in shallow RDPs (containing
essentially giants) drops to ~#45% of its deepest value (which
includes stars at the top of the MS). Consistently with the GC
models containing a spatially variable MF (Sect. 3), the varying
depth affects the tidal, half and core radii, with increasing in-
tensity. SBP radii, on the other hand, remain essentially uniform
with variable depth, consistent with the GC models (Sect. 3).

C. Bonatto and E. Bica: Structural parameters of model star clusters

7 —_—
(a) o

8 - NGC6397 D
R<5’ *

ol < .

10 .r:-’ e

10

o (stars arcmin‘z)

L L L
0.1 1 10 0.1 1 10 0.1 1 10 0.1 1 10
R (arcmin) R (arcmin) R (arcmin) R (arcmin)

Fig.8. Structural analysis of NGC 6397. Panel a): decontaminated
CMD of a central (R < 5’) region. The reference magnitude J = 15
is indicated by the dashed-line. Shaded region: colour-magnitude fil-
ter. Background-subtracted RDPs for stars brighter than J < 15 + A5,
with Aj;s =1, 0, —1, — 2 are shown in panels b) to d), respectively.
The respective King-like fits (solid-line) together with the fit uncertainty
(shaded region) are shown.

Table 3. Radii of NGC 6397 from RDPs and 2MASS SBPs.

RDP SBP (J band)
Ais R. Rusc Ry R. Ry, R,
(mag) @) @) @) @) @) @)
@)) 2 3 () () (6) @)

-2.0 1.3+£0.1 38+0.1 33+5 12+03 3.4+0.1 28+5
-15 13+01 40+02 39+8 12+03 34+£0.1 30+5
-1.0 1.3+£0.1 40+02 42+8 12+03 34+0.1 26+5
-05 14+01 39+02 44+7 12+03 34+£0.1 27+8
00 1.7+0.1 40+0.1 41+4 12+03 34+0.1 27+6
+0.5 23+01 44+0.1 40+4 14+04 34+0.1 28+8
+1.0 29+0.1 49+0.1 48+3 14+03 35+0.1 32+2

Notes. Core and tidal radii were derived from fits of King (1962) func-
tions (Sect. 3) to the respective profiles. The half-star counts and half-
light radii were measured directly on the profiles.

The same conclusions apply to the RDP to SBP radii ratio (right
panels).

5. Concluding remarks

In this work we simulated star clusters of different ages, struc-
ture and mass functions, assuming that the spatial distribution
of stars follows an analytical function, similar to King (1962)
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Fig.9. Left panels: RDP and SBP structural radii of NGC 6397 as a
function of A;;s, normalised to the values measured in the deepest pro-
file. Right panels: RDP to SBP radii ratios (similar to Fig. 5).

profile. The mass and near-infrared luminosities of each star
were assigned according to a mass function with a slope that
may depend on distance to cluster center. They form the set of
models from which we built number-density, mass-density and
surface-brightness profiles, allowing for a variable photometric
depth. The structural parameters core, half-light, half-mass and
half-star count, and tidal radii, together with the concentration
parameter, were measured in the resulting radial profiles. Next
we examined relations among similar parameters measured in
different profiles, and determined how each parameter depends
on photometric depth. We point out that the results should be
taken as upper-limits, especially for open clusters, since we have
considered noise-free photometry and a large number of stars,
which produced small statistical uncertainties.

With respect to the adopted form of the radial distribution of
stars, we note that King (1962) isothermal sphere, single-mass
profile has been superseded by more realistic models like those
of King (1966), Wilson (1975) and Elson et al. (1987), which
have been fit mostly to the SBPs of Galactic and extra-Galactic
GCs (Sect. 2). The analytical functions associated with these
models are characterised by different scale radii (among other
parameters) that are roughly related to King (1962) radii. Thus,
it is natural to extend the scaling with photometric depth under-
gone by King (1962) radii to the equivalent ones in the other
models.
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The main results can be summarised as follows.

— (i) Structural parameters derived from surface-brightness
profiles are essentially insensitive to photometric depth, ex-
cept perhaps the cluster radius in very young clusters.

— (ii) Uniform mass functions also result in structural parame-
ters insensitive to photometric depth.

— (iii) Number-density and mass-density profiles built with
shallow photometry result in underestimated radii, with re-
spect to the values obtained with deep photometry. Tidal,
half-star count and half-mass, together with the core radii
are affected with increasing intensity.

— (iv) Because of the presence of bright stars, radii underesti-
mation increases for young ages.

— (v) For clusters older than ~1 Gyr, number-density and mass-
density radii present essentially the same values; for younger
ages, RDP radii become increasingly larger than MDP ones,
especially at the deepest profiles.

— (vi) Irrespective of age, profiles deeper than the turnoff have
RDP radii systematically larger than SBP ones, especially
the core.

— (vii) The concentration parameter also changes with photo-
metric depth, reaching a maximum around the turnoff.

Most of the above model predictions were qualitatively con-
firmed with radii measured in ground-based RDPs and SBPs of
the nearby GC NGC 6397.

In principle, working with SBPs has the advantage of pro-
ducing more uniform structural parameters, since they are al-
most insensitive to photometric depth. However, as discussed in
Sect. 1, SBPs usually present high levels of noise at large radii.
Noise that is also present in SBPs of clusters projected against
dense fields and/or the less populous ones. A natural extension
of this work would be to examine radial profiles built with pho-
tometry that includes observational uncertainties, differential ab-
sorption, metallicity gradients, binaries, and star cluster models
with a number of stars compatible with those of open clusters.

As a consequence of the wide range of distances to the
Galactic (and especially extra-Galactic) star clusters, interstellar
absorption, and intrinsic instrumental limitations, the available
photometric data for most clusters do not sample the low-mass
stars. All sky surveys like 2MASS, usually are restricted to the
giant branch, or the upper main sequence, for clusters more dis-
tant than a few kpc. In such cases, the structural parameters have
to be derived from radial profiles built with photometry that does
not reach low-mass stars. The present work provides a quantita-
tive way to estimate the intrinsic (i.e. in the case of photometry
including the lower main sequence) values of structural radii of
star clusters observed with depth-limited photometry.
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Appendix A: Transformation of a random number
distribution into an analytical function.

The simulations discussed in the present work depend on the
transformation of a distribution of numbers p(n), with n vary-
ing in the range 0 < n < 1, into the analytical function f(x),
with x in the range xpin < X < Xmax. What results from this is
that a random sorting of numbers n would produce x variables
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with a number-frequency given by the pre-defined function f(x).
Formally, the transformation is expressed as

f(x)dx = p(n)dn.

In a random distribution, all numbers have the same probability,
so that we can set p(n) = 1. Thus, the formal relation of n to x is
given by

(A1)

X max

n(x) = f Sy F(x')dx’. (A2)

Xmin
The analytical (or numerical) inversion of the latter relation gives
x = x(n).

For example, consider a mass function ¢(m) = % oc U0,
with the mass varying in the range m; < m(Mg) < m;. If y # 0.0,
what results from Eq. (A.2) is

n(m) = (ml_X - m_X) / (ml_)( - m;)()

Solving this for m produces

m(n) = my/[(1 = n)(mg/m)¥ +n]'/%.

For y = 0.0 the result is m(n) = m; (m;/m;)".

In the case of the three-parameter King-like profile (Eq. (1)
in Sect. 2), the first step in the transformation, represented by
Eq. (A.2), results in the n = n(R) function given by Eq. (2)
(Sect. 2). However, the latter relation cannot be analytically in-
verted, so that this task has to be done numerically, using the
curves plotted in Fig. 1 (panel a).
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