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We offer a standing wave explanation for the rising proper motions of stars at the center of the globular cluster
47-Tucanae, amounting to =~ 0.44% of the total mass. We show this can be explained as a solitonic core of dark
matter composed of light bosons, m > 10™'3¢V, corresponding to < 0.27pc, as an alternative to a single black
hole (BH) or a concentration of stellar BH remnants proposed recently. This is particularly important as having
a concentrated stellar BH remnant with the above radii is very challenging without the heavy core since the
three body encounters would prevent the BHs to be that concentrated. We propose this core develops from dark
matter captured in the deep gravitational potential of this globular cluster as it orbits the dark halo of our galaxy.
This boson may be evidence for a second light axion, additional to a lighter boson of 1072?¢V, favored for the
dominant dark matter implied by the large dark cores of dwarf spheroidal galaxies. The identification of two such
light bosonic mass scales favors the generic string theory prediction of a wide, discrete mass spectrum of axionic

scalar fields.

PACS numbers:

I. INTRODUCTION

Light scalar fields are a compelling choice for extending the
standard model of particle physics, naturally generating axion-
like dark matter with symmetry broken by the simple mis-
alignment mechanism [1-4]. Such fields are generic to string
theory from the dynamical compactification to 4 space-time
dimensions describing our Universe [5]. These axion modes
are expected to start out massless for symmetry reasons, subse-
quently picking up a relatively small mass by non-perturbative
tunneling that is typically exponentially suppressed [6-9], re-
sulting in a discrete mass spectrum of independent axions
spanning many orders of magnitude.

Each axion field can develop rich structure on the de-Broglie
scale [10—13] under gravity, summed over the ensemble of
these independent axion fields, which has been shown to ac-
count for the observed coldness of dark matter and the puz-
zling properties of dwarf galaxies for a dominant scalar field
of 10722¢V [10-13]. Most conspicuously, a prominent soliton
develops quickly at the center of every bound halo, as identi-
fied in the first simulations in this context [10, 11, 14]. These
solitons represent the ground state where self-gravity is bal-
anced by an effective pressure arising from the Uncertainty
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Principle, yielding a static, centrally located and highly non-
linear density peak, or soliton. The soliton scale depends on
the gravitational potential depth and for the favored 10-22¢V
dominant dark matter this is predicted to be ~ 150pc for the
Milky Way [10, 11, 15], much smaller than the size of the
galaxy. This field may be detected directly by its inherent
Compton scale pressure oscillation, at frequency 2m [16]. This
is feasible using pulsars near the Galactic center for which
a sizable 200ns timing residual is predicted on a convenient
2 months timescale that is boosted in amplitude within the
relatively high dark matter density within the central soliton
[18].

In addition to this 10722¢V axion for the dominant dark mat-
ter, a lighter axion of 10733¢V may be considered to provide
the dynamical dark energy from the associated quantum pres-
sure [23-25], or as a related, probabilistic consequence of the
string landscape [26].

Axions that are heavier than 10722¢V may also be antici-
pated, with sub-dominant but possibly significant contributions
to the total dark matter density. One possible place to look for
their presence is at the center of globular clusters (GC) where
a compact dark mass of over few thousands of solar mass is
expected, although its origin is still under debait. Here we
consider a very well studied GC 47-Tuc resolved very recently
in Ref. [27].

In this paper, we propose that the expected compact dark
mass might be a soliton which is arisen from axion with some



certain mass. Due to the compactness of this structure the
dominant dark matter axion with mass of order 107>2¢V may
not play any roles. Here we aim to estimate the parameters of
such a soliton structure and to estimate the axion mass.

We derive the parameters of this soliton from the first prin-
ciples and add the contribution from the luminous matter as
well.

The paper is organized as the following. In Sec. II, we
derive the mass-radius relation for a soliton profile. In Sec.
IIT we compute the impact of the soliton in the projected
velocity dispersion and fit the soliton model with the most
recent observational data of 47-Tuc. We find the best fit
values for the soliton mass and radius and find the associ-
ated axion mass. In sec. IV we consider the fit for the case
of a compact object. We conclude in Sec. V.

II. SOLITON MASS-RADIUS RELATION

In this section, we derive the solition mass-radius rela-
tion from the first principles. We follow the standard ap-
proach in Ref. [9, 19] for mapping the Bose Einstein Conden-
sate (BEC) system to a hydrodynamical system,
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here Q denotes the quantum potential and it is given by,
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The total energy of this system is a summation of the kinetic
term (both classical and quantum) and the potential term and
is given by,
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Where we have assumed a Gaussian profile for the density

. 3/2 2 p2
profile of soliton, ps(r) = M(”LR%) e /R It can be shown
that the results from this consideration is in good agreement
with the numerical calculation, [9-11, 17].

V(R) is the effective potential of the system and is given by
V(R) = %Z—i% - %GTVZ where hereafter we drop the sub-
index s from all of the quantities except in the density and will
return it at the end of the calculations. This is required in our
variation calculation. Adopting a similar technique that deter-
mines the Chandrasekhar mass, the stable, time independent
soliton core of the system is found by looking at the critical
point of the effective potential and by neglecting dR/dt = 0.

This is equivalent with the virial condition and gives us,
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which is identified as the minimum since the second c%erivative
of the effective potential is positive, V"(R) = \/%GR—AQI > 0.
Next, we compute the back-reaction of the luminous matter
on the above soliton mass-radius relation.
We start with presenting the gravitational potential for a

distribution of matter,

Ou(r) = —(Mg) fo r rpL(r)dr’ — (4nG) f i rpu(rdr’,
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where p; (r) denotes the luminous matter density for which we
consider the King model [27],

pL(r) = K (r<r), (6
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where a refers to the effective core radius and r, denotes the
tidal radius of King model. It also scales with a constant K.

Finally the interacting gravitational energy for the system
includes the interaction between soliton-luminous, luminous-
soliton and luminous-luminous is given by,

00

WR) = %f Ps(r,R)q)L(r)d?+%f pL(r, @ (r)dF
0 0

1 00
+5 fo pL(r, R)D(r)d¥ = Wi(R) + W2 (R) + W3(R),
(7N

We notice here that while all of the integrals go to infinity,
in practice they are truncated at r = r, which is the cutting
threshold in the King model.

We estimate the interaction gravitational energy as,
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where the first term comes from the luminous-luminous inter-
action and the second term is due to the interaction between
the luminous and soliton terms.

We next compute the derivative of the interaction gravita-
tional energy as dW(R)/dR|g=r, = 2nGKMR;. Since these are
evaluated at R = R; from now on we return to R, notation.

Finally we add this term to the pure contribution from the
: : : _ 3B M 1 GM?
soliton itself, given by V(R;) = IR T Vo R where as

mentioned above we have replaced everywhere R with R, and
infer the mass-radius relation as,

M; = M(R;,m,a)
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where for brevity we defined 07 = GMgc/(2Rgc).




III. INFERRING THE SOLITON PARAMETERS FROM
VELOCITY DISPERSION

Having presented the soliton mass-radius relation, here
we calculate the impact of the soliton in the projected ve-
locity dispersion and estimate the parameters of soliton
model including the soliton mass and radius as well as the
associated axion mass.

A. Projected velocity dispersion

First, we compute the velocity dispersion as,

o2(r) = pL(zr) fw PL(r’)M(r’)dr, (10)

r12

where p;(r) refers to the King model and M(r) =
47 for (oL(r') + ps(r")) *dr’ denotes the interior mass to a
sphere of radius r. Since the luminous and soliton contributions
are separable, in the following we compute the soliton effect
and add the luminous part to this from the recent observations.

Next, we compute the projected velocity dispersion as given
by [271,
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B. Inferring the soliton parameters

Having presented the projected velocity dispersion,
here we estimate the soliton mass and radius from a direct
comparison with the most recent observations of 47-Tuc as
performed by [27]. In order to compare our results with that
of Ref. [27], we choose a King model as our stellar profile
and we fix the effective core radius (a = 43.7 arcsec) and tidal
radius (r; = 42 arcmin) to be the best fit given in King model.
We take the distance of 47-Tuc from the earth (D = 4.69 kpc).
We add few different stellar contributions to the above soliton
effect. They include the effect from Stars, Binaries, White
Dwarfs and the Neutron Stars. They are all presented in figure
6 in Ref. [27].

We preform a Markov Chain Monte Carlo (MCMC)
analysis using the publicly available code emcee [37] to es-
timate the value of soliton mass and radius. We make a
two dimensional grid for these two parameters and for ev-
ery points in this grid, we compare the projected velocity
dispersion with the most recent observations. We assume
a Gaussian Likelihood with uninformative priors for the
soliton mass and the logarithm of soliton radius selected in
the ranges 500 < M,/M, < 3 x 10* and 1073 < R,/pc < 10,
respectively. The lower limit in our sampling of the soliton
radius is coming from the resolution limit of the experi-
mental data which we take it to be 1073 pc. In our analysis,
we use 300 walkers and run MCMC for 10* steps in total. We
monitor the time series of soliton mass and radius in the chain.
We remove the first 700 steps to get a flat list of the samples.

Figure 1 presents the resulting posterior distribution of the
soliton mass and logarithm of its radii as well as the allowed
range for the soliton mass and radius.
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FIG. 1: The posterior of the soliton mass and logarithm of its radii
as well as the allowed range for the soliton mass and radius. We use
the projected velocity dispersion for the 47-Tuc GC. The vertical axes
is cut off for R; < 1073 pc due to the resolution limitation. Here the
contours show 68% and 95% confidence levels, respectively.

From this we achieve the following Mass and Radius,

M, = 6189.97308 0, (12)
R, < 0.27pc. (13)

where we have used the standard percentile method to compute
the confidence levels.

As a consistency check, in figure 2 we use the above inferred
range for the soliton mass and radius and compute the projected
velocity dispersion and plot them against the data from Ref.
[27].

Our soliton profile is concentrated within a projected radius
of < 0.27pc. This is consistent with Mann et. al. (Ref. [27])
who concluded ( at page 9, first column) that a mass concen-
tration of stellar BHs with a scale of ~ 2arcsec = 0.045pc and
a total mass of 19000 M, may also explain the rising central
velocity dispersion of the visible stars. This is a much smaller
than the core radius of the visible stellar light and is hence
attributed to collection of ~ 1900 stellar black holes (with the
mass of order 10 M) that they assume has become very con-
centrated relative to the stars under dynamical friction. This
maybe very challenging as the ejection of such objects by three
body encounters that may significantly deplete GC cores of
such relatively massive compact remnants.

Finally we plug the above constraints for the soliton Mass
and Radius back in the mass-radius relation and estimate the
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FIG. 2: Allowed values of the soliton mass and radius using the
projected velocity dispersion for the 47-Tuc GC. Theoretical model
includes the effect of the soliton as well as the Stars, Binaries, Neutron
Stars (NSs) and the White Dwarfs (WDs) as presented in figure 6 in
Ref. [27].

axion mass as,

m>1.07x 1073V (14)

In addition to the above practical limits, the absence of
evidence for a BH from Radio/Xray deep imaging can be also
translated in a conceptual cut off in the value of R; to be bigger
than the Schwarzschild radius associated with a soliton with
mass M; ~ 6189.9M,. This gives us an upper limit on the
mass of the axion to be m < 2.7 x 107 14eV.,

IV. COMPARISON WITH A SINGLE COMPACT OBJECT

So far we have been only focused on the case of soliton as
an alternative to IMBH motivated by the lack of gas accre-
tion in the latter scenario. We have shown that our soliton
should be relatively compact to be consistent with the ob-
servations. It is therefore motivated to find the actual fit
for the case of a compact object as well. This enables us
to see how much the observations of the velocity disper-
sion alone could potentially distinguish among these two
scenario.

For this purpose we replace M(+’') in Eq. (10) with the
mass of compact object and compute the projected veloc-
ity dispersion. Then we perform our MCMC analysis for
this case and find the mass of the compact object. In our
analysis, we use 300 walkers and run MCMC for 700 steps
in total. We monitor the time series of soliton mass and
radius in the chain. We remove the first 50 steps to get a
flat list of the samples.

Figure 3 presents the histogram of IMBH mass. We
have performed an MCMC analysis and allowed a mass
to vary in an extended range of M = (10,10°)M,. From
the plot it is clear that there is preference of mass around
6000 M,. More specifically we infer the IMBH mass in the
range,

Miygr = 5974137280 M, (15)
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FIG. 3: Histogram of IMBH from the MCMC fitting.

Having estimated the IMBH mass at one sigma level,
here we plug in these values in the projected velocity dis-
persion and visualize it. Figure 4 presents the velocity dis-
persion for the IMBH case. Comparing this result with
Figure 2 we observe that their velocity profiles are fairly
close to each other. This means that at the level of the ve-
locity dispersion IMBH scenario is fairly degenerate with
our proposal of soliton. On the other hand, failure to find
Radio/Xray from IMBH may still motivate us to use the
soliton model as an alternative explanation.
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FIG. 4: Projected velocity dispersion for the case of IMBH. Our
theoretical model includes the effect of the IMBH as well as the Stars,
Binaries, NSs and WDs.

Finally, we summarize the results of the direct fit for
both of the soliton and IMBH models in Table. 1. Here dif-
ferent rows show the number of model parameters, maxi-
mum and mean Likelihood, mean mass for the soliton and
IMBH, soliton radius and the minimum value of the axion
mass.



TABLE I: Direct comparison between the parameters of the soli-
ton model vs IMBH. From up to bottom, different rows show the
number of parameters, maximum and mean Likelihood, mean
mass of soliton/IMBH, soliton radius and axion mass, respec-
tively.

# soliton IMBH
Nparams 2 1
Max(Log(L)) -4.26 -4.26
Mean(Log(L)) -4.92 -4.72
Mean(Mass)/ M, 6189.9 5974.13
Radius/pc <0.27 -
Min(m)/eV 1.07 x 10718 -

V. CONCLUSION

In conclusion, we showed that a light scalar field can gen-
erate a sufficiently compact dark mass corresponding to an
axion of m > 10718¢V for a very well studied GC 47-Tuc.
We found the parameters of soliton theory including the
soliton mass and radius from a direct fit of the projected
velocity dispersion with the most recent observational re-
sults. This favored a compact soliton profile with a soliton
radius R; < 0.27pc. We found the fits for case of IMBH
and estimated the mass of IMBH at one sigma level. Our
results show that these two model are fairly degenerate at
the level of the projected velocity dispersion. The soliton
idea may however have the advantage over an IMBH in-
terpretation as it does not then conflict with the stringent
lack of gas accretion affecting the credibility of the IMBH
interpretation.

Our core size and mass is consistent with Ref. [27]. who
concluded that a concentration of stellar BHs with a scale
of = 0.045 pc can also in principle explain the rising central
velocity dispersion of the visible stars, but the extent to which
dynamical friction can gen- erate such a relatively compact

core needs to be demonstrated with careful simulations and
the loss of such stars from such a dense core by three body
encounters must also evaluated. A few such stellar mass BH
have been found in deep x-ray observations of GC M22 in Ref.
[38] but not near their centers.

One physical importance of our soliton interpretation is
in relation to string theory. Such a 10~'3¢V axion together
with the lighter 10722¢V, as a viable candidate for the dark
matter, and much lighter axion, 10733¢V, to be responsible
for the current expansion of the universe, [23], could greatly
support the idea of an Axiverse [6-8], of a discrete mass
spectrum of several light axions spanning a wide range of
axion mass, generically resulting from higher dimensional
compactification.
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