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Abstract. The distribution of dark matter in four low surface brightness spiral galaxies is studied using two
models within the scalar field theory of dark matter, an alternative to the cold dark matter paradigm. The first
model is a Bose-Einstein condensate, in which bosons occupy the ground state at zero temperature. The second
model includes finite temperature corrections to the scalar field potential, which allows the introduction of excited
states. A nonlinear least squares approximation method is used to determine the free parameters of the models,
including scale radius, characteristic (central) density and total mass, based on observational data of rotation
curves. Quantitative analysis shows the importance of considering finite temperatures at the galactic level. In
addition, the two models are compared with results from widely used and accepted phenomenological dark matter
profiles such as the isothermal sphere, Navarro-Frank-White and Burkert profiles. The reliability of each model
was assessed based on the Bayesian information criterion of completeness. Statistical analysis provides
meaningful interpretation of the choice of a particular profile. Ultimately, this study contributes to a better
understanding of the distribution of dark matter in low surface brightness spiral galaxies by shedding light on the
performance of scalar field models compared to traditional phenomenological profiles.
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1. Introduction

The presence of dark matter (DM) in the Universe is firmly confirmed by extensive observational data.
Initially, the concept of DM emerged as a solution accounting for the rotation curves of spiral galaxies, the
velocity dispersions observed within galaxy clusters, and the measured mass-to-light ratios in individual
galaxies as well as in clusters of galaxies [1-3]. Afterwards, its importance became increasingly evident in
interpreting a variety of astrophysical and cosmological phenomena, such as gravitational lensing, the
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presence of acoustic baryonic oscillations, the power spectrum of galaxies, and0 the formation of cosmic
structures in the early Universe [4-5]. The widely known model for DM is the Cold Dark Matter (CDM)
paradigm which demonstrated remarkable success in reproduction and explanation of many cosmic
phenomena on cosmological scales [6-7]. Nevertheless, it encounters several notable challenges and
shortcomings when applied to the galactic and sub-galactic levels [8].

Namely, among them:

— the cusp-core problem, arising as CDM model predicts that DM halos should have a density profile
with a central “cusp” (a steep increase in density toward the center), whereas observations of galaxies often
suggest a “core” (a relatively flat density profile);

— the redundant presence of substructures as predicted by N-body numerical simulations, which
significantly exceed the observed values.

There exist different candidates for DM, but in this work, we will examine the Scalar Field Dark Matter
(SFDM) as this model provides a naturally emerging solution to the CDM problems mentioned above.
Unlike many other DM models that require the existence of new particles or forces beyond those in the
Standard Model of particle physics, SFDM relies on a simple and elegant concept — a scalar field (SF).

The central idea suggesting that dark matter is a spin-0 SF forming Bose-Einstein condensate (BEC)
“drops” was first considered in [9] and independently in [10-12]. Indeed, this model may admit various
specific properties studied by different authors. In the literature, it is also appeared as fuzzy DM [13], wave
DM [14], Bose-Einstein condensate DM [15]. In the framework of SFDM, it is possible to account for
temperatures (see Sec. 1). In the present paper, we focus on manifestation of SFDM properties on galactic
level. The issue of dark matter distribution in galaxies is primarily concerned with halo regions and is linked
to the rotation curves (RC) of galaxies obtained from observations. The aim of this work is to explore the
consistency of the two SFDM models by comparing the rotation curves of four representative Low Surface
Brightness spiral galaxies without involving the baryonic component and taking into account the internal
galaxies' structure. To achieve this, we perform nonlinear fitting procedure and employ a statistical tool - the
Bayesian Information Criterion (BIC) to estimate the goodness of the fit.

On the other hand, for comparison we consider well-corroborated phenomenological profiles, which are
widely exploited in the literature: Navarro-Frenk-White (NFW), Burkert profiles and Isothermal sphere
(ISO). These profiles have been proposed as parametrized functions that can fit numerical simulations and
observations fairly well, regardless the underlying theories or theoretical motivation. The model parameters

for each of these profiles are the scale radius 7, and the DM density at galaxy center p, .
The article is organized as follows. In Sec. 2, we describe the features of two specified SFDM models.

In Sec. 3, the methods necessary for carrying the fitting procedure are presented. Sec. 4 introduces the major
results of the paper. In Sec. 5, conclusion remarks are reported.

2. Dark matter models: fundamental and phenomenological
2.1 Haloes at zero-temperatures

Bosons at zero temperature are studied in many works. Since almost all bosons occupy the ground state
at temperatures close to absolute zero, the behavior of the haloes can be effectively described using the
principles of Bose-Einstein condensation (BEC). Employing the Bogolyubov approximation [16], which is a
method commonly used in the study of quantum systems, allows for a classical mean-field representation of
the ground state of the SFDM haloes. This approach simplifies the analysis by neglecting the contribution of
excited states, thereby focusing solely on the dominant ground state configurations.

Bohmer and Harko [15] utilized the Thomas-Fermi limit, where the self-interactions of the SF play a

prominent role in the SFDM potential. This limit simplifies the analysis by allowing the mass term ~ D’ to
be disregarded and the potential is expressed in the form ¥ (®) ~ A®*, where A is the coupling constant.
Using this limit, the authors derived the solution of equation describing the single static BEC:

V2 p(r)+k’p(r)=0, (1)
where 0(r) is the DM density distribution, & is the parameter. The solution is:
sin(kr
p(r) = p, 2T, @)

kr
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with p, = p(0) being the central density. The above solution has a condition for a bound halo radius R given
by p(R)=0 in order to obviate non-physical negative densities. Hence, one gets £ = 7/ R . The radius of
the BEC halo is given by expression:

h
R= ”\[an , 3)

consisting of fixed values, where h is the reduced Plank's constant, G is the gravitational constant, m is the

boson's mass, @ is the scattering length. Eq. (3) is linked to the coupling constant via A =4zh’a/m.
2.2 Finite-temperature haloes

The study [17] introduced a scenario where the scalar field (SF) operates under conditions of finite
temperature. The authors considered a self-interacting spin-0 real SF immersed in a thermal bath (i.e. a
medium or reservoir of particles that are in thermal equilibrium) at temperature 7 . The SF potential is

written in the following form [18]:
2

V(@)= mr? + a0t + Lawrr? -7, €y
2 4 8 90

in the units where the speed of light ¢ =1, the Boltzmann constant k, =land h=1. The first term

corresponds to the mass term, the second term represents the repulsive self-interaction, the third term
describes the interaction of the field with the thermal bath, and the last term accounts for the influence of the
thermal bath alone.

It was shown that early dark matter (DM) haloes were formed after the growth in SF fluctuations
occurring after the spontaneous symmetry breaking (SSB) of the system [19]. The equilibrium temperatures
of these haloes vary depending on when each halo forms.

Since galactic halos are well described by Newtonian dynamics, an exact analytic solution for SF can be
found in the limit of weak gravitational field regime. Finally, the analytical solution, in the weak field
regime, is presented as a linear combination:

< [sinen T
p(r)—gp{ P } : Q)

J

where j=1,2,3,...is the number of exited states, required to fit the distribution; p;] = p’(0) is the central
density of a single state, and the scale of the SF configuration is determined due to the condition p’(R)=0,
ie. ij = jzr. This density has a naturally occurring core. Consequently, the overall solution allows for a
configuration beyond a completely condensed system, and the potential adjusted for finite temperature
suggests the presence of separate excitation states j as solutions to the perturbation equation of the SF. This

indicates that the bosons are distributed thermally among both ground and excited states at higher energy
levels.

2.3 Phenomenological models

Here we review some basic models widely exploited in the literature.
The NFW profile [20] was introduced after stacking numerous halos in order to fit the data of N-body
simulations within the CDM model. It is given by

_ P
plr)= 1) 4P m) ©)

The Burkert profile [21] which firstly was proposed in the attempt to determine the density law that best
fit the measured rotation curves of dwarf galaxies, which are known to be dominated by DM, has the
following form:

Po
(A+r/r)A+(r /1))

p(r)= (7
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The ISO profile [22] has been employed in the context of galactic dynamics, particularly in explaining
the flat rotation curves observed in spiral galaxies. It is expressed as:

pr )—m )

These models along with the two SF models will be employed to analyze DM distribution in the LSB
galaxies.

3. Methods

The galaxy RC is a measure of how the rotational velocity of objects in a galaxy changes with their
distance from the galactic center. Since the Newtonian dynamics is sufficient at the galactic level, rotational

velocity V() is represented by:

V(r):\/rz—¢=\/%, )

where @(r) is the gravitational potential corresponding to the mass distribution A (r) Each profile

generates a particular RC and hence yields corresponding DM mass distributions that can be calculated by
integration of density:

M(r)=4z[ " p(r')dr. (10)
Thereby, taking Egs. (2) and (5) one obtains the mass profile

4 .
M(@r)= ﬂ(% _ cos(kr)] ’

k2
(1)
for haloes with zero temperatures, and
27[p 7 SiIl(Zk.I")
Mry=) M, = Ol 1- L=, 12
();’;kf( 2k;r (12)

for finite temperatures haloes with M ; being the total mass of state Jj.

It should be noted, that in numerical computations/analyses the mass is expressed in the units of solar
mass (M) and the radial distance is in kilo-parsecs (kpc).

After establishing the mass and velocity profiles, the next step is to perform fitting procedure. In this
work, we employ the Levenberg-Marquardt nonlinear least squares method [23-24]. The calibration is based

on observational data including measurements of radial velocity. After that, an objective function y°

representing the squared differences between observed Vf’bs and expected V' (r) velocities describing each

profile is created:

Ve -y
7 Z{ (")} : (13)

Vl

A

where N is the number of data points, (70 is their corresponding errors. The key to the approach is to

minimize this objective function by 1terat1ve1y modifying the model parameters. This will guarantee the best
possible fit, since the process systematically reduces the discrepancies between the model and the observed
data, leading to an accurate and reliable representation of the galaxy's RC. The "best fit" in this context
means that the model parameters have been chosen such that the divergence between the observed data and
the model's predictions is minimized.

In this context, models fitted to the same data set can be compared quantitatively using the Bayesian
Information Criterion (BIC):

BIC= y*+plnN, (14)
where p is the number of free model parameters. A better trade-off between model fit and simplicity is
demonstrated by lower BIC values increasing the benefits of the model.
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4. Results

In this section we present the results of fitting procedure for 4 LSB spiral galaxies - NGC 1560, NGC
1003, NGC 3741, NGC 6503, the observational data points of which are taken from the SPARC database
(Spitzer Photometry and Accurate Rotation Curves) [25]. In comparison to high surface brightness galaxies,
LSB galaxies are thought to contain a higher proportion of DM relative to visible matter. This fact allows one

to neglect the baryonic component in the galaxy structure and adopt the total mass M, , approximately equal
to the DM mass M, (M, , =M, ).

Primarily, we compare two SFDM models, declared by Egs. (2) and (5), to estimate quantitatively how
the influence of finite temperature effects affects the consistency of the models with the observations. In the
case of the BEC SFDM profile, fitting analysis provides two free parameters: the halo radius R and the

central density p, , imposing the ground state only ( j =1). At the same time, for the mSFDM model three
free parameters are required: as we take two states, the central density of each state should be ensured
(finally, we have R, pé , ,0({ ). It is worth mentioning, that the combination of states (I, j ) differs from one

galaxy to another and is selected manually until the best correspondence with observations is achieved. The
numerical outcomes are presented in Table 1 and in Fig. 1.

Table 1. Fitting parameters for 4 LSB galaxies within the SFDM models.

Profile l,] R , kpC p(’) , p({ , Mtoz . <p>, BIC ABIC
1030 | 1o-3Mo 10%Mo | 10-3 M—g
pc3 pc3 pc
NGC 1560
BEC SFDM 1 8.37 23.36 ; 0.87 3.52 199.9 | 80.0
mSFDM 1,3 | 12.46 8.86 33.88 1.04 1.28 119.9 :
NGC 1003
BEC SFDM 1 15.15 16.03 ; 7.08 4.87 1953 | 124.7
mSFDM 1,4 | 4291 0.79 24.69 8.27 0.25 70.6 ;
NGC 3741
BEC SFDM 1 6.66 16.88 ] 0.33 2.69 1058 | 605
mSFDM 1,6 8.69 7.97 85.44 0.35 1.27 453 :
NGC 6503
BEC SFDM 1 5.68 15.47 - 7.30 9.53 1619 | 45.0
mSFDM 1,3 | 13.70 26.74 964.65 7.41 6.87 116.9 ;

For both models, the total mass A, , is computed using the last data point of the distance by
substituting the fitting parameters into the Eqs. (11) and (12). The average density < p > is obtained through
the standard density definition, dividing the total mass AM,, by the volume enclosed within the

corresponding distance. It should be noted, that a third (forth, and so on) exited state might be added to the
analysis, however it is not necessary, as the introduction of only two states is enough for the whole
procedure.

As mentioned before, the model that has the lowest BIC, say BIC , is regarded as the best-suited

model. When compared to other models, the difference A BIC = BIC - BIC, certifies the statistical evidence

supporting the reference model as the best-fitting one. In particular, the case ABIC &€ [0,2] shows a weak
evidence, the case ABIC € [3,6] shows a mild evidence, and the case A BIC > 6 shows a strong evidence.
For all considered galaxies, mSFDM model demonstrates lower values of BIC, indicating that this
model is more suitable to represent DM. Moreover, from Fig. 1 one can see that RCs for mSFDM model
reveal better concordance with observational data in comparison to BEC SFDM. Notably, for one galaxy

(NGC 6503), the best fit is reached with two exited states only (i =2, j =7), while for the rest galaxies
(NGC 1560, NGC 1003, NGC 3741) the ground state ( j =1) is present. In addition to SFDM models, we
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carried out the fitting procedure for phenomenological profiles: NFW, Burkert and ISO to assess the contrast
between them and to be convinced whether mSFDM is a reliable alternative for DM representation.
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= _ 8ot
T T
£ 40 1 g 60
= z
>
> sl
20} — mSFDM | — mSFDM
— BEC SFDM 20f — BEC SFDM |
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(c) NGC 3741 (d) NGC 6503

Fig.1. Rotation curves of LSB galaxies for the two SFDM models: black dots represent the observational data with their
error bars, the green solid curve corresponds to the BEC SFDM, the red solid curve - to the mSFDM

In Table 2, the fitting parameters (scale radius 7, and central (characteristic) density o, ) are shown.
The total mass M,

that here values of A BIC are calculated with respect to mSFDM being the reference model with BIC=BIC

= [119.9, 70.6, 45.3, 116.9] for NGC 1560, NGC 1003, NGC 3751, NGC 6503 galaxies, correspondingly.
When comparing the values of BIC in Tables 2 and 1, it is clearly seen that, in cases of all considered
galaxies, they consistently emerge as the lowest for mSFDM model.

Values of ABIC demonstrate strong evidence for mSFDM model to be preferable over
phenomenological models with two exceptions: for NGC 3741 NFW profile yields A BIC=5.7, indicating
the mild evidence, and for NGC 6503 ISO profile gives A BIC=0.5, implying that it provides fit as well as
mSFDM. Meanwhile, for NGC 1560, NGC 1003 and NGC 1560 the phenomenological models display
lower BIC values in comparison to BEC SFDM. However, for NGC 6503 the highest BIC shows the Burkert
profile. This emphasizes the importance of the choice of DM model to the specific characteristics of each
galaxy, as different systems may demand different representations of DM distribution.

Based on graphical representation of fitting results (Fig.2), mSFDM model is able to reproduce the
wiggles in observed RCs, in contrast to phenomenological ones. This possibility is crucial for understanding
the dynamics of galaxies and provides a significant advantage to mSFDM model.

and the average density < p > are calculated in the same way as in the Table 1. Note,
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Table 2. Fitting parameters for 4 LSB galaxies within the phenomenological models.

Po- Mtot > =P
Profile 7y, kpc 10-3 M_G; 1010M® 10-6 M_(g BIC ABIC
pc pc
NGC 1560
NFW 21.06 2.12 0.12 5.19 151.2 31.3
Burkert 3.23 4.73 0.01 0.59 159.2 39.3
ISO 1.84 4.61 1.63 68.3 150.9 31.0
NGC 1003
NFW 15.11 4.55 0.13 0.12 151.3 80.7
Burkert 6.58 23.35 0.06 5.52 173.9 103.3
ISO 2.07 57.99 9.41 8.12 145.5 74.9
NGC 3741
NFW 15.17 1.52 0.04 2.63 51.0 5.7
Burkert 2.29 37.49 0.004 0.29 88.5 43.2
ISO 1.15 43.16 0.51 3.52 83.9 38.6
NGC 6503
NFW 3.57 95.82 0.04 7.86 145.8 28.9
Burkert 2.09 296.16 0.03 5.33 174.6 57.7
ISO 0.16 98.68 7.56 13.9 117.4 0.5
120
80
100
60 80
( 'w
E 40 — mSFDM £ — mSFDM
> — NFW > 40 — NFW
20 —— Burkert —— Burkert
— Isothermal 20 — Isothermal
o, - : - 0
2 4 8 10 10 15 20 25 30
r(kpe) r(kpe)
(a) NGC 1560 (b) NGC 1003
50
40
IU] lw
£ ¥ £ w0 — mSFOM
> 2 — NFW - — NFW
— Burkert — Burkert
10 —— Isothermal 20 —— |sothermal
0 ) . 0 . . "
1 2 3 4 5 6 7 0 10 15 20
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(e) NGC 3741 (d) NGC 6503

Fig.2. Rotation curves of LSB galaxies for mSFDM and three phenomenological (NFW, Burkert, ISO) models
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5. Conclusion

In this work, we have analyzed four LSB spiral galaxies (range of sizes ~7—30 kpc) within the
framework of two SFDM models regardless of the impact of baryonic component and internal structure of
galaxies. First one, the so-called BEC SFDM, implies the system of bosons in the ground state and at zero-
temperature in the Thomas-Fermi limit. Second one, mSFDM, is the model with finite temperature
corrections which lead to taking into consideration exited states of bosons. We performed the fitting
procedure to constrain the free models' parameters and to estimate which model is more preferable and
consistent with observations. The mSFDM with lower values of BIC for all considered galaxies proved to be
better representation model for DM. To further verify the appropriateness of mSFDM model, we compared it
with NFW, Burkert and ISO profiles as representative examples of phenomenological framework. For each
galaxy, mSFDM provides better results keeping the lowest values of BIC and showing the excellent
agreement with observations. The mSFDM model incorporates finite temperature effects and allows for
multistate occupation of bosons, which are particularly relevant in scenarios where thermal effects cannot be
ignored. This is expected to be the case in certain early-universe conditions or in environments with
significant thermal history affecting dark matter distribution.

Within this article, we did not conduct a detailed analysis and comparison between phenomenological
models themselves, since related work was done in several papers (see, for example, [26-30]).

Nevertheless, in case of NGC 1560 and NGC 6503 there are some data points not covered even by
mSFDM, suggesting the need for further analysis. An additional numerical analysis is required to examine
the influence of baryonic matter as well as including into consideration the inner structure of galaxies.
Besides, more galaxies should be analyzed, to estimate the degree of applicability mSFDM model within the
wide range of galaxies. Moreover, it would be interesting to examine the SFDM models in Milky Way and
Andromeda galaxies, following the methodology described in [31-33].
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