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Abstract. We present a systematic analysis on the possible presence of dark mass
components inside globular clusters (GCs). A spherical Jeans analysis is applied to the
stellar kinematics of 10 nearby GCs. On top of the mass distribution provided by the
luminous stellar component, we add either dark matter (DM), described by an NFW
or Burkert mass profile, or an intermediate mass black-hole (IMBH), described by a
point-like mass. Their existence would have important implications in the context of
indirect DM searches. After profiling over the stellar parameters, we find no evidence
neither for DM nor for IMBH. Upper limits on the two components are reported.
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1 Introduction

Globular clusters (GC) are old, very compact, gravitationally bound systems of stars.
They have a stellar mass of a few x 10° M, similar to the one of faint dwarf spheroidal
(dSph) galaxies. On the other hand, GCs have a much higher density, with the stellar
mass confined within a region of tidal radius of a few tens of parsec. DSph galaxies
are instead significantly more extended and they require the presence of a dominant
dark matter (DM) component to explain their dynamics. This is not the case for GCs,
where there is no compelling evidence, at the time of writing, that they host a dark
component different from dark remnants from stellar evolution. However, the possible
presence of a subdominant DM component is a very important question to address. It
is indeed crucial to understand GC formation, and, in particular, whether GCs formed
from a host halo which has been then (partially) stripped away, or if GCs are simply
big star clusters. Recent simulations of the formation and evolution of GCs in DM
halos can be found in [1-6] and references therein. The presence of a DM halo in GC
could have dramatic consequences for indirect searches of particle DM. Indeed, several
GCs in the Milky Way are very close to our location, and being very compact, they
could have a very high J-factor, which would make them a prime target in the hunt
for annihilating DM [7-14].

In this work, we analyze the line-of-sight (LOS) velocity of stars belonging to
GCs, in order to infer the GC mass components. In the past years, several works,
involving different methods, have been devoted to the description of the dynamics of
GCs and their mass profiles, see e.g., the seminal work in [15] and the discussion of
the developments in [16, 17]. Recent measurements are now offering the possibility to
analyse several thousands of stars for tens of GCs, greatly enhancing the statistical



capability. Here we perform a systematic study involving ten GCs and using most
updated data, taken from [16] and [18].

We investigate the possible presence of a DM mass component, with the spatial
density distributed following a NFW [19] or a Burkert [20] profile. Additionally, we
test the possibility that GCs host an intermediate mass black hole (IMBH) at their
center. This would constitute a dark “point-like” source of mass, different from the
extended distribution considered for DM. As for the case of DM, the literature includes
hints for a presence of IMBH in GCs [21-23], as well as bounds [24-30], and this work
offers a systematic up-to-date address to the topic.

The paper is organized as follows. Section 2 describes the data on the LOS
velocity of stars employed in our work, and presents the Jeans analysis adopted for the
theoretical prediction. In Section 3, we describe the statistical analysis and report the
results in terms of bounds on the presence of DM and IMBHs in GCs. We summarize
consequences and conclusions in Section 4.

2 Data and methods

The analysis performed in this paper is based on two databases of LOS velocities: the
sample collected by [16] and recent measurements from the MUSE collaboration [18].
The sample from [16] is a compilation of homogeneous measures from spectra obtained
at the Very Large Telescope and Keck telescope, complemented by published mea-
surements collected from the literature. The reported velocities typically cover three
decades in radius and have an uncertainty around 0.5 km/s. Details on the sample
selection and data analysis can be found in [16] and [31], see also [32] for a recent
update.

The dataset collected by the MUSE integral-field spectrograph [18] greatly en-
larges the number of stars acquired in each GC. Moreover, it provides LOS velocities
at radii typically closer to the GC centres, allowing a more accurate derivation of the
mass density in the innermost region.

Among all the GCs surveyed in [16] and [18], we select the ones having more
than 10® stars in both catalogues, in order to deal with large statistics, and a reported
mass-to-light ratio larger than 1.5, since we are interested in testing the presence of
a “dark” component on top of the luminous one. This results into ten GCs. After
this choice, we then select, in each GC, only stars having a large membership prob-
ability (in details, P > 0.01 in [16] and P > 0.5 in [18], following their definition
of membership probability). Binary stars can influence the velocity dispersion and
therefore bias the determination of the mass of the GC, see e.g. [34, 35]. In order to
mitigate this effect, we exclude binaries from the sample of stars for which multi-epoch
observations are available (we impose Psngr, > 0.05 in [16] and Papiaple < 0.8 in [18],
where Psnar, and Parianle are respectively the binary and single probabilities estimated
in those references). We find that this cut leads to a non-negligible reduction of the
velocity dispersions, and in general a better agreement between the two samples we
are considering. Finally, after applying these selection requirements, for each GC we
combine the two samples from [16] and [18] in an single dataset, taking care of the



H GC ‘ RA ‘ DEC ‘ D ‘ Ry ‘ Mass ‘ # stars [B] ‘ # stars [M] H

47 Tuc 6.02 | -72.08 | 4.52 | 4.10 | 8.95 3709 12666
NGC 1851 | 78.53 |-40.05 | 11.95 | 1.95 | 3.18 656 5559
NGC 2808 | 138.01 | -64.86 | 10.06 | 2.17 | 8.64 1523 3431
NGC 3201 | 1544 | -46.41 | 4.74 | 3.33 | 1.60 2898 3283

w-cen 201.70 | -47.48 | 543 | 7.93 | 36.40 2747 16282

M 80 244.26 | -22.97 | 10.34 | 2.01 | 3.38 434 1151

M 22 279.10 | -23.90 | 3.30 | 3.52 | 4.76 940 2465
NGC 6752 | 287.71 | -59.98 | 4.13 | 2.51 | 2.76 1578 4580

M2 323.36 | -0.82 | 11.69 | 2.88 | 6.20 011 9238

M 30 325.09 | -23.18 | 846 | 2.9 | 1.40 800 4864

Table 1: GC parameters used in the analysis. [. Globular Cluster identifier. II.
Right ascension [deg]. III. Declination [deg]. IV. Distance [kpc|. V. Half-light radius
as derived from the fit through PYGRAVSPHERE [pc|. VI. Total Stellar Mass taken
from [33] [x10°My]. VII. Number of analyzed stars from the dataset in [16]. VIIL.
Number of analyzed stars from the MUSE dataset [18].

possible double counting of stars included in both surveys. The properties of all GCs
composing our sample are reported in Table 1.

We constrain the stellar surface density of the GCs using the results of [36], where
the radial number density profiles of a large sample of GCs have been determined using
data from Gaia DR2, from the Hubble Space Telescope, and ground-based surface
brightness measurements.

The data of the ten GCs of Table 1 are compared to a model built from a spherical
Jeans analysis. The assumptions we employ are that GCs can be described through i) a
collisionless Boltzmann equation, ii) in a steady-state, iii) with a spherical phase-space
distribution function, iv) without rotation.

Clearly, none of these assumptions is exactly realized in nature. On the other hand,
there are indications that they can be good approximations for GCs. GCs are very old
stellar systems, with age much larger than relaxation time, i.e., with high number of
gravitational encounters between stars. Deviations from thermodynamic equilibrium
in GCs are limited and, in this regime, the Jeans equation provides a good approximate
description [37], despite it is devised for collisionless systems, whilst GCs are collisional.
The high densities of GC imply that they are more resistant to external tidal forces than
extended objects, like, e.g., dwarf spheroidal galaxies. However, there are indications
of tidal effects in the GC outskirt [38]. As described below, we will consider relatively
small radii where tidal forces are likely to be negligible. Rotation has been measured
in some GCs, e.g., w-Centauri [18, 39]. Its contribution to the total kinetic energy of a
GC is of the order of a few % [39], and it is particularly negligible at the center, which
is the most relevant region to search for an IMBH or a highly concentrated DM profile.
On the other hand, since we are searching for subdominant components (i.e. DM and



IMBH), the impact on their final bounds might be sizable, and neglecting rotation is
a simplifying assumption of our method.

The above theoretical considerations are encoded in the spherical Jeans equation
40, 41]:

1 0 28(r)o? GM(<r
Wa (v(r)o?) + B<r> L= _—7“(2 ), (2.1)
where o, is the radial velocity dispersion of stars, M(< r) is the cumulative GC
mass as a function of radius r, v is the stellar radial density profile, and g is the
velocity anisotropy. We model the various ingredients and solve Eq. (2.1) by using
the non-parametric Jeans code GRAVSPHERE [42] through the python implementation
PYGRAVSPHERE [43]. For the stellar tracer density, we sum three Plummer spheres
[41]:

3
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where M; and a; are free parameters, providing the mass and scale length of each
individual component. Let us mention that we do not identify the Plummer spheres
with specific stellar populations. Our approach is to adopt a phenomenological effective
function that provides a good description of the measured total stellar density profile.
In Appendix C we repeat our analysis adopting a different stellar distribution, namely
the King profile [44].

The velocity anisotropy [3(r) describes the orbital structure of the stellar system

and it is modeled as: )

1+ (rq/r)"
where the free parameters are the “inner” anisotropy fy, the “outer” anisotropy Su,
the transition radius r,, and the index 7 giving the sharpness of the transition.

The total mass is M(r) = M.(r) + Maan(r). We compute the stellar mass M,
assuming the same shape as the light profile given by Eq. (2.2) but with a free parameter
M, fixing the overall normalization (which corresponds to allowing a free mass-to-light
ratio). In the case of DM, the mass is computed by integrating the density distribution.
We consider two options: an NFW density profile [19]:

B(r) = Bo + (Bos — bo) (2.3)

Ps

prrw (1) = 5 (2.4)
() (1)
and a Burkert profile [20], describing a cored DM distribution:
peu(r) = a . (25)

(1+2) 1+ (2))

In Eq. (2.4) and Eq. (2.5) the two free parameters ps and r, give the normalization
and the scale radius of the profile. In the case of IMBH, we simply assume a point



source of mass Mpy. From the radial velocity dispersion derived by solving Eq. (2.1),
we compute the LOS velocity dispersion by means of

oot = 5o [ (155 ) MO 26)

where Y, (R) is the tracer surface mass density at the projected radius R, derived from
Eq. (2.2):

>.(R) = Z %2 (1 + ij) N . (2.7)

In addition to op,0s, we also fit data concerning the surface density profile of stars >,
as well as the fourth-order moments of the velocity distribution, called virial shape
parameters (VSP) [42]

vy = g /0 TG M) 5= 28(r) 021 dr = /0 TS (R) (o) RAR (2.8)
Vg = ;—5 i GMuv(r)[7T—68(r)o2ridr = /0 Y (R) (viog) RPAR ,  (2.9)

where the first term gives the model prediction, while the second one is the estimator
obtained from data.

The VSP can alleviate the degeneracy 5 — p between the anisotropy of the stellar
component and the dark density, and they can be measured in this context thanks to
the large number of stars considered for each GC. One could attempt to address the
B — p degeneracy also by considering tangential velocities from proper motion data.
However, the analysis of currently available data can introduce more caveats than oy,os,
in particular a larger impact related to the description of GC rotation (that we are
not including in our model), see, e.g. [45]. For the sake of simplicity, we restrict our
analysis to LOS velocities.

3 Results

We compare the models with the observational data discussed in the previous section
considering the likelihood function £ given by:

—2In L = x{os + X5, + Xvsp1 + Xsp2 = X*- (3.1)

Our analysis includes measurements of the LOS velocity dispersion, the surface density
profile and virial shape parameters. The chi-squared 2 for the LOS velocity dispersion
is obtained using data binned over the projected radius R:

(oros,; — 5Los,')2
XiOS = Z ]2 ! ) (32)

g )
j OLOS,j

where the quantity o10g ; is the observed velocity dispersion in the radial bin j. Fol-
lowing [42, 43], we use a number of bins equal to v/N,, where N, is the number of
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Figure 1: Analysis of the w-Centauri observables in the case of a mass model including
an NFW DM profile. Left upper panel: line-of-sight velocity dispersion. Blue points
correspond to the kinematic data obtained from the MUSE dataset [18] and from [16].
Right upper panel: the surface density profile derived from [36] (orange points). In both
panels the gray region denotes the 95% interval of the posterior distribution. Lower
panels: measurements of the VSP parameters (red solid line) and the corresponding
2-0 intervals (dashed red lines) compared to the posterior distributions.

stellar tracers. The error in each bin, 0, ¢ . includes Poissonian and sampling uncer-
tainties, see [42, 43] for details. The dispersion velocity predicted by the model, o1,0g ;,
is computed as explained in the Section 2, see Eq. (2.6). Concerning the virial shape
parameters, the chi-squared x%¥gp; and Y3qpy, are obtained analogously to Eq. (3.2),
using the predicted values from the models computed with Eq. (2.8) and Eq. (2.9), and
the corresponding observational quantities and estimated errors, obtained as detailed

in [42, 43]:

2 (Usl - 7_}31)2 2 (Us2 - 1_)32)2
XvsPL = — 5 o XvsP2 T T 5 - (3.3)
val OUSQ



Finally, we fit the surface density profiles of [36]:

S —5)°
X%}* _ Z ( »J . J) , (34)

G I3,

where ¥, ; and oy, ; are respectively the surface number density in the radial bin j and
the corresponding error from [36], while the prediction of the model X, ; is computed
with Eq. (2.7). In Eq. (3.4), for each GC, we include only measurements corresponding
to the radial distances probed by the LOS velocity dispersion in Eq. (3.2). The reason
is as follows. At the largest radii considered in [36], the background contamination
from field stars becomes dominant. This introduces a systematic effect from a region
which is not particularly relevant for our purposes. On the other hand, in the innermost
radii and for some GCs, there is some level of mismatch between our model and the
data. The same happens for the models considered in [36]. This might be due to the
incompleteness of the sample of stars in these regions, or to the fact that the relative
simple models adopted are not tailored to fit simultaneously both the outskirts and
centres of the GCs. Again, to avoid the fit to be significantly affected by data from
outside the regions were we perform the dynamical analysis, we exclude these internal
regions from the surface density fit.

The models outlined in Section 2 contain 11 parameters describing the stellar
system plus two (one) parameters for the DM (IMBH) component. We explore this
parameter space with a Markov Chain Monte Carlo (MCMC) analysis employing the
ensemble sampler Emcee [46]. We test different algorithms in order to ensure a good
coverage of the parameter space and to verify the robustness of the results. For the
plots presented here, we use 500 walkers and 10* steps with 5000 burn in.

To sample the parameters, we use flat priors within the range reported in Table
2. We have 4 free parameters for the velocity anisotropy (8, fo, 1, ra), a total of 7
parameters for the stellar profile (my, a;, ma, as, ms, ag, M,) and two extra parameters
(ps, 7s) in the DM case, while one extra parameter (ps) in the IMBH case. It is worth
noticing that, in the case of the stellar parameters, they are allowed to vary within a
range around a previously fitted value. Namely, prior the MCMC, PYGRAVSPHERE fits
the surface density through a minimization process determining the associated best-fit
values of the parameters of the stellar profile, and then, during the MCMC, they are
allowed to vary, around the surface density best-fit, within the reported range. For the
overall stellar mass M, we consider the value reported in Table 1 as the reference value,
again allowing some variation during the MCMC analysis. Also, since the anisotropy
parameter § can take values from —oco to 1, GRAVSPHERE uses the symmetrized
anisotropy parameter [42] f = /(2 — ) which takes a value of 1 for a full radial
anisotropy and —1 for tangential anisotropy. Note that, for the sake of generality and
to check the consistency between the DM and BH findings, we allowed r to take very
small values, even though such extremely concentrated DM halos are not expected.
Clearly, we cannot efficiently constrain profiles with r; much smaller than the radius
of the first data-point (or said in a different way, DM profiles with extremely high
concentration are allowed by data). The bounds on the DM mass are in any case
independent from choice of the priors, as we will discuss later on.
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Figure 2: Same as Figure 1, but for the M2 GC.

H Parameters \ min. value \ max. value H

log1o(ps/ (Mo /kpc?)) 0 30
log,(rs/kpc) -8 -1
Boo -1 1
Bo -1 1
n 1. 10.

rq/kpc Rpa/10 10 - Ryai

M; /Mg 0.1(M;pe) | 1.9(M;pe)

a;/kpc 0.1(a;nr) 1.9(ajbr)

M, /Mg M, /2. 2.5M,

Table 2: Priors used in the MCMC. The parameters of the stellar profile can vary
around their best-fit values obtained by fitting the stellar surface density profile only,
before running the MCMC. The total stellar mass M, is allowed to vary around the
value provided in Table 1.



We choose two illustrative examples to show the typical outcomes of the analysis,
focusing on the case with the DM component included in the fit. In Fig. 1 we show the
case of w-Centauri, which is among the brightest and well studied GCs in the literature.
We report the LOS velocity dispersion profiles, the surface density profiles, and the
estimates of the virial shape parameters from the data, as well as the corresponding
model predictions from the fit. As an additional example we show the same plots but
for the GC M2 in Fig. 2. The LOS velocity dispersion profiles for all the others GCs are
in the Appendix A. In the Appendix B, we show triangle plots reporting the posterior
distributions of all the model parameters, including the stellar ones, for one example
(w-Centauri).

The main goal of this work is to derive upper limits on the presence of a DM
halo or an IMBH lying the center of GCs. In a Bayesian context, credible intervals are
obtained from the posterior distribution. However, given that we find the parameters
of the dark components, namely ps and Mpy, to be unconstrained from below, care
must be taken to deal with volume effects in the marginalization and to ensure that
the results are independent on the choice of the priors. For the sake of robustness, we
decide to adopt a frequentest approach, and derive our bounds performing a profile
likelihood analysis.

More specifically, we compute the likelihood ratio A\, = E(e_'b.f., ﬁb.f.) /E(Gj lj[{).f_),
where § are the parameters of interest (p; and 7, in the DM case, and Mpy in the IMBH
case), I1 are the stellar (nuisance) parameters, the suffix b.f. indicates the best-fit value,
and the ’ symbol highlights that in the denominator we compute the best-fit values of 1
at any given value of 5, so they are in general different from the global best-fit appearing
in the numerator. It is easy to see that —2 In A\, = Ax? = X2(§7 ﬁ{a.f‘) - XQ(Q_»b_f., ].:.[‘b.f_).
The one-sided 95 % C.L. exclusion limits on the two parameters ps and 7, (or on the
single parameter Mpy) are obtained for Ax? > 4.61 (Ax? > 2.71).

Results are shown in Figs. 3, 4, in Table 3 (DM), and in Table 4 (IMBH), and
discussed below. We note also that, for all the GCs analyzed, we do not find any
statistical preference for DM or IMBH, namely we find L(e_»b.f', ﬁb_f_) ~ 5(52 0, ﬁ{)f)
We verified that the same conclusion can be drawn by looking at the marginalized
posteriors of ps and Mpy, which are compatible with zero. In Table 3, we display the
number of data-points entering the statistical analysis and report the best-fit values of
the x? obtained from Eq. 3.1, for models including an NFW DM halo. Similar values
are obtained for the cases of a Burkert profile or an IMBH.

3.1 Dark Matter

In the top panel of Fig. 3, we show the 95% C.L. upper limit on p, as a function of r,
obtained from the profile likelihood procedure described above and assuming an NF'W
DM profile. Clearly, as the radius increases, the bound on the normalization of the
profile decreases, since it is the mass distribution that is constrained by the kinematic
analysis.

Fig. 4 reports the 95% C.L. upper bound on the DM mass enclosed within a given
GC radius r. It contains the same information as in Fig. 3, but shown in a different
way. We note that the increase in the mass bound is slower at low radii and steeper
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Figure 3: Upper limits at 95% C.L. on ps as a function of r, for an NFW (top
panel) and Burkert (bottom panel) DM profile. The bounds are obtained following
the profile likelihood procedure described in Section 3, and the different panels show
all the analyzed GCs.

at large radii. This can be understood as follows: for radius < first kinematic point
(which is the dispersion velocity at smallest observed radius), the profiles that can
maximize the enclosed mass are the ones with r, < first kinematic point. For an NF'W
profile, the mass increases logarithmically for » > r, and so does the mass bound. It
is easy to see that for sufficiently small r; (again < first kinematic point) the bound is
independent on r,, so extending the prior range to very low values has no impact on
the constrained mass. When we consider larger radii, DM profiles that can maximize
the allowed mass have larger 7y, and for r, = r, the mass of an NFW profile grows
more steeply than Inr, up to oc 72 for ry > r. Clearly, the exact scaling also depends
on the shape of the velocity dispersion profile and on the stellar mass profile, that can
be somewhat different in different GCs. In Fig. 4, the minimum and maximum radius
for the opog data points of each GC are reported.

Qualitatively, similar considerations hold for a Burkert DM profile. The upper
limits on p, as a function of ry are shown in the bottom panel of Fig. 3. The bounds

~10 -
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Figure 4: Upper limits at 95% C.L. on the DM mass enclosed within a radius r for
the different GCs analyzed. Solid lines are the C.L. obtained using and NFW profile,
dashed for Burkert DM profile. Dots correspond to the minimum and maximum radii
covered by the measurements of the velocity dispersion.

|  GC | Nuw | Nso. | xiy |

47 Tuc 127 115 | 262
NGC 1851 79 72 131
NGC 2808 70 60 141
w-cen 138 33 | 215
M 80 10 | 134 | 120
M 22 56 29 85
NGC 6752 78 83 168
M 2 76 28 72

M 30 73 76 124
NGC 3201 71 51 126

Table 3: II. Number of kinematic data-points included in our statistical analysis. III.
Number of data points for the surface density. IV. x? corresponding to the best-fit for
models including an NFW DM halo (similar values are obtained for the Burkert profile
and the IMBH case).

on the DM mass enclosed within a given GC radius, presented with dashed lines in
Fig. 4, are similar to the ones obtained for an NFW distribution.

In Fig. 7 in the Appendix A, we show the posterior distributions of the Mass-
to-Light ratios derived from the analysis with an NFW profile and for the different
GCs. Very similar results are obtained considering a Burkert profile or an IMBH, since
these dark components provide only a small contribution to the total mass. In the
same figure, we also report the values of the Mass-to-Light ratios presented in [47] (red
lines). In general, our estimates are in good agreement with those of [47], although a
certain level of tension is present in few cases. Similar mismatches (at the level of a
few tens of %) are found in the literature, see e.g. [48-50] and references therein, and

— 11 =



are likely due to systematic uncertainties related to the modeling and measurements.

Recently, the possible presence of a DM halo in w-Centauri has been investigated
in [13, 45] on the basis of a Jeans analysis similar to the one performed here. That work
analyzed the LOS dispersion profiles from [16] as well as measurements of the proper
motion of stars. The upper bounds on the DM content for an NFW distribution are
comparable to the one in Fig. 4. However, Ref. [45] finds significant evidence for the
DM component. This different conclusion is probably mainly arising from a different
treatment of the stellar component. In particular, our modeling include more free
parameters to describe the stellar profile and velocity anisotropy. Ref. [51] determined
the velocity dispersion profiles of several GCs using Gaia EDR3 data. For NGC 6752
(and NGC 6205) it is reported an hint of a rising velocity dispersion at radii larger than
r 2 30 — 50 pc, which correspond to distances beyond those probed in our analysis. In
principle, these results could be consistent with the presence of a DM halo. However,
further investigation is needed to corroborate these findings, for instance to confirm
the membership of the stars to the cluster. Previous analyses in the literature have
not find evidence for DM in 47 Tucanae [52], in M22 and M30 [53], and in other GCs
(not analyzed in our work) as well [53-56].

3.2 Intermediate Mass Black Holes

Table 4 reports the the 95% C.L. upper limit on Mpy obtained from the profile likeli-
hood analysis. The limits we find are of the order of (a few times) 10* M.

Several methods are available to study IMBHs in GCs, namely to detect the
X-ray and radio emission from an IMBHs in the accretion phase, to measure the
acceleration of millisecond pulsars in the cluster, or to analyze the dynamics of stars,
as performed here. At present no solid evidence has been found from these observations.
A tentative detection of an IMBHs of ~ 4 x 10* M, in w-Centauri has been suggested
in [21, 22]. This claim has been questioned by subsequent analyses [24-26], with ref. [24]
obtaining and upper limit on Mgy of ~ 1.2 x 10* M., Similarly, the presence for an
IMBH of ~ 2 x 10* M, in 47 Tucanae has been suggested in [23], while other works
concluded that current data do not favour such interpretation [27-30]. An upper limits
of ~ 4 x 10% My, has been obtained in [30]. A discussion on the searches for IMBHs
in GCs can be found in the recent review [57]. We notice that our bounds on Mgy in
Table 3 are weaker than the most stringent limits in the literature, which however are
derived employing different techniques and observations, more tailored to probe the
innermost region of GCs, rather than testing a full mass model as in this work.

4 Conclusions

We performed a spherical Jeans analysis of ten GCs of the Milky Way with the goal of
providing bounds on the mass components of these objects. The main contribution to
the mass budget is provided by the luminous stellar distribution traced by the surface
density profiles. Additional baryonic dark components can consist of brown dwarfs,
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|  GC | Mps[10" M) |

47 Tuc 2.9
NGC 1851 2.6
NGC 2808 4.0

w-cen 6.0

M 80 3.3
M 22 2.2
NGC 6752 1.2
M 2 7.5
M 30 2.5
NGC 3201 1.4

Table 4: 95% C.L. upper limit on the mass of the IMBH.

neutron stars and stellar-mass black holes. We effectively include these contributions
by making the simplifying assumption that they follow the same spatial distribution
of the luminous stellar part, and by treating the total stellar mass as a free parameter,
i.e., allowing variations of the mass-to-light ratio. The main focus of the work was
in fact to test the possible presence of additional dark mass terms, in the form of a
dark halo, described by an NFW or Burkert mass profile, or an IMBH, described by a
point-like mass.

We described the mass distribution in each GC employing a model with 6 param-
eters pertinent to the stellar profile, 1 parameter providing the stellar mass-to-light
ratio, 4 parameters for the velocity anisotropy, and 2 (1) parameters describing DM
(IMBH). A different model for the stellar distribution is adopted in Appendix C. We
do not find any statistical preference for DM or IMBH, and derived upper limits on
their contribution to the GC mass profile.

Results are shown in Figs. 3, 4, in Table 3 (DM), and in Table 4 (IMBH). The
DM mass is typically bounded to be < 10° M, inside the GC half-light radius. The
upper limits on the IMBH mass are at the level of (a few times) 10* M. The results
presented in this work can be employed to estimate the J- and D-factors, i.e., to set
the expected emissions associated to indirect searches of DM.
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Figure 5: Line-of-sight velocity dispersion for all the GCs considered in this work.
Blue points correspond to the kinematic data obtained from the dataset in [18] and [16]
as explained in Section 2. The gray shaded regions show the 95% intervals of the
posterior distributions for the analyses including an NFW DM profile in the mass
model.
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A LOS velocity dispersion profiles

In this Appendix we present the LOS velocity dispersion profiles of all the analyzed
GCs, and the corresponding fits of the model including an NFW DM profile (Fig. 5) or
an IMBH (Fig. 6). Points are obtained from the datasets in [18] and [16] as explained
in Section 2. The gray shaded regions represent the 95%C.L. intervals obtained from
the posterior distributions.

In Fig. 7 and for all the analyzed GCs, we show instead the posterior distributions
of the Mass-to-Light ratios derived from our analysis, compared to the values reported
in [47].

B Posterior distributions for one example: w-Centauri

The 1D and 2D posterior distributions of all the parameters considered in the analyses
are shown in Fig. 8 and Fig. 9, for the cases where the dark component is in the form
of an NFW DM profile and an IMBH, respectively. These plots refer to one example,
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the analyses of the w-Centauri GC. Other targets can be made available upon request
to the authors.

C Analysis with the King stellar profile

In this section we repeat the analysis described in Section 2 adopting a different model
for the the stellar distribution. The goal is to study the impact of this ingredient on
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Figure 9: Same as in Fig. 8 but including an IMBH instead of an NFW DM profile
in the analysis. Note that we report the value of log,,(ps/[Mokpc™]) instead of the
IMBH mass. In the sampling we computed the IMBH mass using an NFW profile (Eq.

2.4) with ry, = 107 kpc and truncated at Ry.;/100 (with Ry, taken from Table 1),

i.e., pNnFw (T > Rpair/100) = 0. Then Mpy = 4w fORh‘"“f/lOO drr® pnew (1,75 = 1072 kpe).
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Figure 10: Upper limits at 95% C.L. on the DM mass enclosed within a radius r
for the different GCs analyzed and using an NFW DM profile. Solid lines show the
bounds obtained using a three Plummer sphere density profile to model the stellar
distribution, while the dashed lines are the limits obtained by using a King profile.
Dots correspond to the minimum and maximum radii covered by the measurements of
the velocity dispersion.

our results. We substitute the three Plummer spheres adopted in Section 2 with a
King profile [44]. It constitutes a simple, with only two parameters, and physically
motivated distribution, often used in the literature. The drawback of its simplicity
is that it leads to poor fits to the surface density profiles of the GCs that we have
analyzed. In fact, for all the targets, we find a best-fit x3, in Eq. (3.4) much larger
than the one obtained employing three Plummer spheres, and with a reduced x3_value
much larger than one. Similar conclusions have been obtained in [36]. For this reason,
namely, in order to avoid a situation where with a global fit completely dominated
by the surface density part and with kinematic data having little impact, we slightly
modify the procedure discussed in Section 2. For each GC, the parameters of the King
model are fixed to the values which minimize x3_and the Mass-to-Light ratio is fixed
to a physically motivated value (taken from the best-fit of the analysis in the main
text). Then, we exclude the surface density data from the likelihood in Eq. (3.1),
including only the measurements of the LOS velocity dispersion and the virial shape
parameters (x? = X?os + X¥sp1 + Xogpe)- Lhis procedure is less general than the one
of the main text, but offers an alternative way to constrain the dark component using
a physically motivated model.

The results of the analysis including a NFW DM halo are presented in Fig. 10,
where we show the 95%C.L. upper limits on the DM mass enclosed within a given GC
radius r. We do not find statistical preference for a DM component in any of the GCs
analyzed. With respect to the bounds obtained in Section 3.1, by modeling the stellar
profile with three Plummer spheres, we see that, in the case of the King profile, limits
are typically similar or slightly stronger. The latter can be ascribed to the fact that
here we are adopting a more constrained statistical procedure.
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