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Abstract: This article is a logical continuation of the work of Nuritdinov et al. (2021). We analyzed space
observations of the apparent surface density of 81 globular clusters (GCs) observed by GAIA DR2 and
published in de Boer et al (2019). First, we studied the features of the quality of the GC surface density data,
including comparing them with the HST data. Using our 3-parameter model, previously tested on the example
of HST space observations, we found the values of the stellar concentration parameter towards the center of
the cluster. As a result, we found good correlations of this parameter with the physical characteristics of the
GCs. We have also found the corresponding empirical formulas for this parameter.
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1. Introduction

Since globular clusters are among the oldest objects in our Galaxy, their in-depth study will help
to better understand the evolution of not only the Milky Way, but also the Universe [1-3]. In the study
of globular clusters, it is very important to study their internal mass distribution [4]. The most
commonly used description of the mass distribution follows King's formula [5]. At the same time,
ground-based methods of astrometry and stellar astronomy were initially used to determine the
structural parameters of GCs (see, for example, [6-10] and references there). We are also interested in
the classification of globular clusters according to the degree of concentration of stars to the center,
which was first considered in in the work of Shapley and Sawyer [11]. Despite the fact that for almost
a century after the work of [11] many authors [12-24] have carried out serious studies, unfortunately,
a satisfactory solution to the Shapley-Sawyer problem has not been found. Since the stellar number
density increases rapidly as we approach the center of the GC, it is difficult for ground-based
telescopes to analyze their central region (for details, see, for example, in [25]), and CCD observations
are necessary. In rare cases, several deep observations were performed for the surface density of
concrete GCs [26]. To date, out of 157 GCs discovered in our Galaxy, space-based surface density
observations are available for 26 GCs under the HST program [27] and 81 GCs under the GAIA DR2
program [28].

Nuritdinov et al. [29] found values of the concentration parameters representing the change in
the degree of stellar concentration towards the center for 26 GCs given by Miocchi et al. [27], and for
the first time proposed a classification of GCs that solves the Shapley-Sawyer problem [11]. The main
differences between the GAIA DR2! and HST? observational data are studied in detail below. We
have observations of apparent surface density for 81 GCs and use them for our analysis. Although
the quality of the GAIA DR2 data is somewhat lower than that of the HST data, we have studied
them in sufficient detail for each cluster. Analysis of the quality of observational data and the
behavior of the surface density of GCs shows the need to divide them into two groups (see Section 2
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below). It turned out that only for one of them it makes sense to determine the values of the GC
concentration degree parameter and the corresponding empirical formulas for the dependence of this
parameter on the main physical characteristics of the clusters. The values of the correlation
coefficients between the concentration parameter and individual physical characteristics obtained
from observations, including those with the GC mass (M), absolute magnitude (Mv), King parameter
(c), Kukarkin index (index of richness) (IR) and values ro associated with the cluster core radius re.

2. Analysis of GC Surface Density Observations of GCs

Within the framework of the GAIA DR2 observations of the apparent surface density of the GC,
we encountered serious problems in calculating the values of the free parameters of different models.
First, the values of the free parameters calculated for some of the 81 GCs had no physical meaning.
Secondly, correlations ware not found between the free parameters calculated for 81 GCs and any
physical GC parameters. Therefore, we had to carefully analyze each cluster observed by GAIA DR2,
and as a result of the analysis, classify the clusters into classes.

Observational data on the surface density of GCs obtained by space telescopes within the
framework of two programs (GAIA DR2 and HST) differ significantly from each other in quality.
Below we will try to list these differences in order. The authors of [28] note that their observational
data were supplemented by ground-based telescopes and partly by HST observations. The surface
density profiles of most GCs obtained from different space telescopes clearly differ in stellar density,
data homogeneity, apparent surface density smoothness, and accuracy of observations of the central
part. It is known that the concentration of stars in globular clusters should increase almost uniformly
towards the center. However, 8 out of 81 globular clusters observed by GAIA DR2 (NGC 5139, NGC
6144, NGC 6366, NGC 7492, Pal 1, Pal 11, Pal 12, Terzan 8) have very uneven density profiles towards
the center, while these non-uniformities are almost absent in the observational data made within the
framework of the HST. This can be seen in the example of NGC 7492 (Figure 1). This situation creates
serious difficulties in the analysis of such GCs.
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Figure 1. Observational data for NGC 7492 on GAIA DR2.

Further, we note that in the observations of several GCs using GAIA DR 2 (NGC 5139, NGC
5466, NGC 5897, NGC 6121, NGC 6144, NGC 6366, NGC 6809, PAL 11, PAL 14), the central part is
absent and has a complex and physically explainable density profile picture.

In addition, most GCs have surface density profiles starting from the value 1g(r") ~ - 0.5. We see
this in NGC 6934 (Figure 2). At the same time, this profile shows a relative decrease in the density of
stars in the central part (in the interval [-0.5; 0.5]). The GC density profiles that do not have density
values in the central part start at a distance Ig(r") ~ + 0.4 from the center. We clearly see this in the
case of NGC 6254. (Figure 3). Density fluctuations in the central region and on the periphery also
create difficulties in calculating the degree of concentration. At the same time, the absence of a density
value in the center seriously affects the value of the concentration parameter.
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Figure 2. Peculiarities of density decrease in the central region and on the periphery for NGC 6934.
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Figure 3. Missing density values in the central part of the NGC 6254 profile.

Note that, although the GC density profiles obtained by HST sometimes have relatively few
observation points compared to the GAIA DR2 data, the concentration in the first case increases
uniformly towards the center, and in the second case, non-uniformity is observed both in the distance
from the center, and by the value of the surface density itself. These differences are shown in the
example of NGC 6809 (Figure 4).
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Figure 4. Comparison of the density profiles of NGC 6809 obtained by the HST (circles) and GAIA
(triangles) space telescopes.
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Differences between the GAIA DR and HST data also exist in terms of star density and
observation intervals. The apparent stellar density shown by HST in one GC (for example, NGC 6121)
is up to 10 times greater than that shown by GAIA DR2 (Figure 5). Although these factors do not
greatly affect the value of our concentration parameter in calculations, they cause difficulties in
calculating the values of other free parameters.
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Figure 5. Comparison of the density profiles of NGC 6121 obtained by the HST (circles) and GAIA
(triangles) space telescopes.

The negative properties of the data listed above cause serious problems in calculating the GC
concentration parameter.

Thus, we are forced to divide the clusters into at least two groups:

- GCs with wavy density profiles towards the center and no density values in the central part
(their total number is 41);

- clusters for which the observed density profile is fairly uniform and smooth almost

everywhere, especially in the central region (there are 40 of them in total).

As can be seen, only those clusters that are included in the second group deserve to determine
the values of the concentration parameter for them. It is for them that we find the relationship
between the concentration parameter and the main physical characteristics of the GCs.

3. Determination of the Concentration Parameter

As noted above, Nuritdinov et al. [29] analyzed the degree of concentration in 26 GCs in their
work, the observational data of which are given in the work of Miocchi et al. [27]. To do this, they
first generalized the King model (0 ~ (1+r%/re? )t in the following form:

o(r,y,10,00 )=0°(1+(r/10 )2V, (1)

where v, 1o, and oo are free parameters, and vy is the degree of star concentration towards the cluster
center (concentration parameter), rois related to the cluster core radius r., and oo is the surface density
at the GC center. Nuritdinov et al. [29] calculated the above free parameters for 26 GCs and found
good correlations between concentration parameter and the observed main physical parameters of
the clusters. As a logical continuation of the work of Nuritdinov et al. [30], we calculated free GC
parameters based on model (1) using surface density data for a sample of 40 GCs noted in the
previous section of this article. When calculating the parameters, it was used the x-squared
minimization method:

X2=)"n| Oobs™-0(1n, 00,10, Y) | 2/(0(rn,00,10,7)). (2)

The calculated free parameters and the errors in their determination are given in Table. 1.
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Table 1. Values of free parameters of the GCs and errors of their determination.

GC name Y Ay Io Aro 0o Aoo
NGC 104 0,97 0,15 22,03 4,01 7,37 0,4
NGC 1261 1,02 0,23 18,2 51 1,47 0,13
NGC 1851 1,26 0,68 5,39 2,75 23,52 2,08
NGC 1904 1,02 0,4 8,65 4,67 4,38 1,2
NGC 2808 0,87 0,06 12,51 1,05 11,9 0,28
NGC 288 1,24 0,5 85,3 35,01 0,14 0,01
NGC 362 0,82 0,11 7,88 1,26 13,63 0,56
NGC 4590 1,32 0,44 43,17 13,64 0,63 0,06
NGC 5024 1,07 0,31 23,93 8,98 0,37 0,05
NGC 5053 1,26 1,04 109,92 86,95 0,008 0,002
NGC 5272 1,12 0,67 25,24 17,69 1,55 0,41
NGC 5286 1,24 0,38 18,38 51 1,48 0,07
NGC 5466 1,5 0,6 107,18 44,3 0,02 0,002
NGC 5634 0,79 0,17 3,26 1,04 0,86 0,13
NGC 5694 0,93 0,14 3,34 0,63 1,25 0,07
NGC 5824 0,94 0,09 3,25 0,49 6,65 0,44
NGC 5904 0,73 0,25 16,32 8,62 2,22 0,41
NGC 6093 1,01 0,23 7,44 2,17 6,94 0,99
NGC 6101 1,61 0,62 79,53 30,3 0,06 0,01
NGC 6171 1,3 0,44 36,32 10,81 0,3 0,02
NGC 6205 1,12 0,3 45,29 13,66 1,81 0,15
NGC 6229 1,16 0,61 91 5,09 0,72 0,16
NGC 6235 2,07 1,36 32,23 15,98 0,18 0,02
NGC 6254 1,1 0,5 40,95 24,15 0,52 0,15
NGC 6266 0,61 0,07 57 1,17 2,98 0,24
NGC 6273 0,92 0,13 22,36 3,61 1,22 0,08
NGC 6284 0,57 0,06 2,38 0,63 0,1 0,01
NGC 6341 1,17 0,63 16,58 10,35 2,49 0,73
NGC 6388 0,63 0,08 4,35 0,95 2,15 0,17
NGC 6496 1,73 0,8 70 29,91 0,03 0,01
NGC 6541 0,51 0,08 3,91 1,26 3,37 0,31
NGC 6569 1,36 0,3 24,61 4,97 0,08 0,01
NGC 6626 0,93 0,18 12,13 2,49 0,57 0,03
NGC 6637 1,55 0,33 27,8 4,73 0,4 0,01
NGC 6656 1,17 0,34 80,92 23,29 0,19 0,01
NGC 6715 0,91 0,06 5,35 0,42 4,4 0,09
NGC 7078 0,49 0,05 1,77 0,7 17,73 3,7
NGC 7089 0,99 0,46 14 8,34 4,6 1,36

IC 1276 1,21 0,75 52,13 34,99 0,18 0,05
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Table 1 shows that the values of the concentration parameter fluctuate in the range [0.49; 2.07],
and this is very close to the y range of Nuritdinov et al. [29] [0.67; 2.13]. Nuritdinov et al. [30] found
the values of the free parameters vy, 1o, and oo for 26 GCs, with average percentage errors of 36.8%,
44.7%, and 24.9%, respectively. For the free parameters we found, the average errors were 30.8%,
35.7%, and 13.9%, respectively.

We also looked for a correlation between the parameter v and the main physical characteristics
of the GCs. In this case, obviously, only 40 GCs were taken into account, which are given in Table 1.
Next, the corresponding correlation coefficients were calculated and the empirical dependences of y
on the main physical characteristics were found, the values of which were taken from the catalogs of
Harris [31] and Baumgardt [32]. The values of the index of richness (IR) are given in the work of
Kukarkin [13].

(a). Relationship between v and the absolute value of Mv. The correlation coefficient between
these values is 0.63. The corresponding empirical formula has the form

v = 0.24(+0,05)My + 3,01(0,39), 3)

or vice versa
Mv=1,64(+0,33)y - 9,91(x0,37). (4)

(b). Dependence of the parameter v on the King parameter "c". Here the correlation coefficient
is quite good and equals -0.69. The empirical relationship looks like this

v =-0,55(x0,10)c + 1,98(x0,16), ()

or vice versa
c=-0,85(x0,15)y + 2,56(0,16). 6)
(c). Relationship between y and GC mass. The correlation coefficient is - 0.62. Empirical formula:

v =-0,58(20,12)lg M/Mo + 4,22(0,65), @)

or vice versa

1g M/Mo = - 0.67(:0,14)y + 6,18(:0,15). )

(d). Dependence of the parameter v on the Kukarkin index "IR". We found a correlation equal to
-0.60. The empirical formula looks like:

v =-1,06(x0,23)IR + 1,69(x014), 9)
or vice versa
IR =-0,33(x0,07)y + 0,93(=0,08). (10)

(e). The relationship between y and ro, the value is related to the cluster core radius r.. We found
a satisfactory correlation of 0.60. Empirical dependence:

v = 0.007(+0,001)ro+ 0.89(+0.06), (11)
or vice versa
ro="52.00(+x11.26)y - 27.73(+12.62). (12)
Note that the coefficients and their errors in the empirical formulas (3) - (12) we found do not
differ significantly from the results of Nuritdinov et al. [29].
4. Conclusion

Thus, we have analyzed the observational data on the apparent surface density of 81 GCs
obtained within the framework of the GAIA DR2 space program. A comparison of the observational
results shows that the quality of the GAIA DR2 observational data is slightly lower than that of the
HST data. Based on the results of a qualitative analysis of observational data and a number of physical
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considerations on surface density profiles, we classified GCs into 2 classes, and then investigated the
issues of modeling apparent surface density as a function of distance. The concentration parameters
for 40 GCs, selected according to the properties of the profiles, were found using the three-parameter
model (1) by the x-square minimization method. We calculated the correlation coefficients of the
concentration parameter y with the main physical characteristics of the GCs known from
observations (Mv, 1gM, IR, c) and found the corresponding empirical formulas between them. The
found values of v are in the range (0.49; 2.07), which indicates the validity of the previous GC
classification developed by us in [29] based on the results of the analysis of HST observational data.
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