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Primordial Axion Stars and Galaxy Halos Formation

Alexander Nesterov

University of Guadalajara; nesterov@academicos.udg.mx

Abstract: Primordial axion stars, hypothetical stars formed from axions, could play an essential role in forming
galaxy halos. These stars could have originated in the early universe shortly after the Big Bang. We show that
while “normal” axions coalesce into a gravitationally bound Bose-Einstein condensate, forming a dense object - an

axion star, the ultralight axions could act as the initial seeds for galaxy halos.
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Introduction

The axions are one of the favorite cold dark matter (CDM) candidates [1-3,26]. Initially, they were
invented to solve the strong CP problem: Why does quantum chromodynamics (QCD) not break the
CP-symmetry? The Peccei-Quinn (PQ) theory, solving this problem, leads to the existence of very
light axions [4-7]. Since the axions have a tiny mass and extraordinarily weak coupling to matter and
radiation, it would be challenging to detect them. Efforts toward detecting axions include a wide range
of technologies [8-10].

The massless axion arises due to a spontaneous breaking of the U(1)pg symmetry. The axion
acquires a mass during the QCD phase-transition, following the PQ phase-transition. In terms of
the axion decay constant, f,, the axion mass induced by QCD instantons can be written as m ~

6 peV (1012 GeV/ fa> [11,12]. More precise estimation of the axion mass yields [13]

1)

1 12
Mg ~ 5.7er( 0 GeV).

fa
Cosmological and astrophysical constraints restrict the value of the decay constant and leave the
allowed QCD axion mass window as 6 ueV < m < 2000 ueV [14]. Recent calculations of the axion
mass, based on high-temperature lattice QCD, lead to the more narrow window: 50 [ueV] < m <

1.5 - 103 [ueV] [15]. The axions with the mass range 1073%eV < m < 10 18eV are known as ultralight
axions (ULAs). The mass of ULA’s can be estimated as follows [16,17]:

)

101GeV !
m; = 5.3 x 107 PeV

fa

There are two sources of cold light axions: vacuum misalignment and string decay and domain-
wall decay [11]. In the first case, inflation occurs after the PQ phase transition. The axion field is
homogenized over enormous distances, and the vacuum misalignment yields axions with the zero-
momentum mode and zero velocity dispersion. In the second scenario, the axion field will have
random values in different causally connected universe volumes when the PQ phase transition occurs
after inflation. This results in the appearance of a network of cosmic strings. The strings disappear after
the QCD phase transition, radiating massive axions with momentum of order the Hubble expansion
rate. The cold LAs, produced by string decay, have a wide distribution of momentums in their vacuum
state and an extremely small velocity dispersion of their excitations [18,27,34]. Primordial axion stars
formed by axions with mass m, ~ 107 eV, also known as axion clumps, are formed in the early
universe shortly after the Big Bang when axions condensed into a dense, gravitationally bound Bose-
Einstein condensate. These clumps can range in size and mass, potentially forming compact objects
with significant gravitational influence [19-23,29,31].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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In modern understanding of galaxy formation, every galaxy forms within a dark matter halo. The
formation of galaxy halos is a critical aspect of galaxy formation, providing the gravitational scaffold
around which baryonic matter (ordinary matter) accumulates to form stars and galaxies. Primordial
axion stars, formed in the early universe, could act as seeds for the formation of larger structures,
leading to the formation of galaxies surrounded by halos. Their gravitational influence would attract
surrounding dark matter and baryonic matter, facilitating the growth of density perturbations that
eventually lead to galaxy formation.

In this paper, we study the formation of the DM stars by ULAs and the relationship between
primordial axion stars and galaxy halos. We show that ULA stars, with a size and mass comparable
with observable data for typical galaxies of our universe, are formed in the radiation-dominated era.

The paper is organized as follows. Section 1 discusses the cosmological production of axions and
the formation of axion stars. In Section 2, we introduce a non-relativistic model describing axion Bose-
Einstein condensate. Section 3 summarizes the results obtained and discusses possible generalizations
of our approach. Throughout the paper, we use the natural unit convention, # = ¢ = 1.

1. Cosmological Production of Axions

We assume the universe is described by ACDM model [35,36]. In this model, the universe
comprises photons, neutrinos, ordinary (baryon) matter, cold dark matter, and dark energy. The latter
is defined by the cosmological constant, A, and is responsible for the observable acceleration in the
expansion of our universe. The axion DM can be described by a model with the action given by
[11,37,38],

s= [ V=g Ggﬂ"qw,v - V(¢>). 3)

The corresponding equation of motion is the Klein-Gordon equation:

__9v(¢)
O¢ = T (4)
Qualitatively the potential V(¢), generated by QCD instantons, may be written as [5,11]
V(p) = mafu? (1- cos(/ o)) ®

where m, is the axion mass. The potential V(¢) is the periodic function with a period defined by
a shift-invariance, ¢ — ¢ + 271f,. There are N degenerate vacua, and the axion field has a range
0 < ¢ <2mf, [11].

1.1. Non-Relativistic Limit of the Klein-Gordon Equation

In the non-relativistic limit, the Klein-Gordon equation has the form of the Schrodinger equation
with the effective potential describing the interacting forces in the system in the non-relativistic limit
[20,21,24,39,40]. Writing,

¢ 2\/7 <lpe—1mu + w* li’l’la > (6)

one can show that the non-relativistic theory is described by the effective action for the complex field
1 (see Appendix ?? for detail):

Sar= [ (% - ww)——w V= Ver(§9) - V- VO~ may' ), ()
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where ®(r) is the Newtonian gravitational potential, and V,¢/(|y|) is the effective potential obtained
as the non-relativistic limit of the instanton potential Eq. (5). The equations of motion are given by
0P

1T o2
s = —ﬂv P+ m, Py +

V20 = 4nGm,|p|?.

Vg

For the axion field, the effective instanton non-relativistic potential potential was derived in Refs.
[39,41] and takes the form

1
Vo (') = gty mif2 | 1= fo(1172) ], ©)
where Jy(z) is a Bessel function, n = ¢*¢/ng and ng = m, f2/2.

Figure 1 represents the normalized effective potential, Vp(x) = 1 — Jo(x), with the first term
subtracted:

Vo ! <Veff — ;ma#’*lP) (10)

T 2mng

The stable solutions for the axion stars with n > 1 (dense stars) correspond to the minima of the
effective potential [20].
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Figure 1. Effective potential: Vj =1 — Jo(x).

1.2. Formation of Axion Stars

Axion stars are characterized by their high density and stability, maintained by a balance between
gravitational attraction and quantum pressure due to the axions” wave-like nature. They can be
categorized into two types:

o Dilute Axion Stars (1.0, << 1). These stars are less dense and more extended, and insert "their
size is determined by "their size is determined by the axion mass and self-interaction strength.

e  Dense Axion Stars (11, 2 1). These are more compact and can undergo complex dynamical
processes, including potential collapse into black holes and phase transition to the dilute stars
under certain conditions.

The stability and structure of axion stars are determined by the balance between gravitational attraction
and the quantum pressure arising from the Heisenberg uncertainty principle.

2. Model

The non-relativistic axions can form a Bose-Einstein condensate (BEC). The equations that describe
a static BEC of axions can be obtained by considering an axion field (r, t) whose time dependence is
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(r) exp(—iut), where y is the chemical potential [20]. They can be expressed conveniently as coupled
equations for 1(r) and the gravitational potential ®(r):

5 I DAY
V2 =2 2<c1> A SN ,

lp ma mu 2 ‘lp’ w
V20 =47tGmgno|p|?,

(11)

where § = ¢/\/ng, G =1/ m%, and m, denotes the Planck mass (1, = 1.2- 10 GeV). To further
simplify matters, we rescale coordinates and functions: r — r* = r/ry, P — P(r*) and & — YO(r¥),
where ry = y/m, and ¥ = mp/ﬁZ

Hereafter, we drop *’s in rescaled functions and parameters. Then, the dimensionless equations
can be recast as follows:

V2 =2 (CD - 'ys) P,

(12)
V20 =47 ||?,

where

, (13)
and we set i = p/m,.
In Table 1, we present various length and mass scales to facilitate recalculation in physical units.
In particular, the mass of the axion star can be obtained using the formula:
M =3M, / 2d3V*, (14)
where the integration is performed over dimensionless variables t*, and My = 47tngrg /3.

Table 1. Acronyms: f,; - Coupling constant; Mg - sun mass; npys - dark matter density.

’ Axion mass [eV] \ fa [GeV] \ ro [pcl \ My [Me] \ 1o [1/cmd] \ n* =npym/no ‘
53-10~2 1077 12 359-10% | 3.45.10% 711-10°0
53-10~1° 1010 1.2-1073 3.59-108 3.45.10% 711-1073
57-10° 10%2 1.12-1078 [ 334-1077 | 3.71-10% 6.15-10~%

Our model is based on the previous studies of the rotating axion stars made in [20,22,23,40,42]. In
general i may consist of a superposition of various spherical harmonics Y}”,

§(r,0,9) = ZZfé”Yg (6, 9). (15)
=0m=-1

For simplicity, we assume the following ansatz:

(r,0,¢) = R(r)Y]"(6, )- (16)
After substitution of (7, 0, ¢), one can rewrite Eq. (12) as

I(1+1) oy Yh(RY)
- R=2(d—yu— XYLV R
ArR 2 ( Tit 2+ RIY”| ,

(17)
V20 = 4nR?|Y]" |2,
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where A, denotes the radial part of the Laplacian,

19/(,0
Br = 72 or ( 8r> (18)

Note that (17) still depends on angular variables § and ¢. Therefore, following [40], we take the
angular average of these equations. We define the angular averaged gravitational potential and use
the normalization of the spherical harmonics:

&= 4i / ®(r,0,)dQ, / YIYE 54O = 670G (19)

J1 R|Ym
g 4n/ R|Y"| @9

Then, we obtain for angular averaged potentials the following equations of motion:

I(1+1 .
(272 )—vﬁ—%Jerl ))R, (21)

A =R>. (22)

AR =2 (CT) +

For I = 0,1, we have obtained the analytical expressions for J;". The computation yields:

70 = JolaoR) — 20 - X (73 (agR) Ho(aoR) — Jo(aoR) i aoR)), @)
1 — cos(a1R) J1(R)
Jit = AR =, T = (24)

where ag = v/3/47, a1 = +/3/8m and H,(z) denotes the Struve function.
For a given function R(r), the gravitational potential can be obtained due to the integration of Eq.
(22). The solution can be written as follows:

d(r) = 1 /Or x?R?(x)dx — /rh xR?(x)dx, (25)

r r

where 7y, is the radius of the star. From here it follows that ®(0) = &y and ®'(0) = 0, where

Py = — /rh xR?(x)dx. (26)

0

We impose the following boundary conditions to solve numerically the coupling system of the
differential equations (21) - (22):

R(0) =Ry, R(0) =R;, ®(0)=d, &'(0)=0. 27)

The radius of the axion star is obtained as the solution of the equation:

. M*(r
d(ry) = - r( W, (28)
h
where M*( f " x2R?(x)dx is the scaled mass of the star, M* = M/ My, and
= 1 M 250
D(ry) = —— [  x°R7(x)dx. (29)
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The chemical potential is subject to the boundary conditions:
S EC At B A | (30)
r= 0% 212 2 . B
=Th

3. Results and Discussion

Following the procedure outlined in Sect. 2 we have solved numerically the equations of motion
(19) - (20) for the axion mass, m,; = 5.3 - 10719 eV, and the boundary conditions presented below.

o Dense stars:
R(0) =6, R(O)’ =0, ®0)=-15, d>’(0) =0,(I=0,m=0).

. Dilute stars:

R(0)=0.1, R(0) =0, ®(0)=—0.065 &'(0)=0,(I=0,m=0),
R(0) =0, R(0) =10, ®(0)=—0.001, ®'(0)=0,(I=1,m=0),
R(0) =0, R(0) =012, ®(0)=—05 & (0)=0,(I=1m==+1),

The results are summarized in Figure 2 and Table 2. To obtain the redshift, we use the relation
z = ny/nppy, where npy = ppm/ M, is the average density of DM obtained from the data presented
in Refs. [43? |: ppm = 1.3 x 107°GeV/cm3. As follows from Table 2, the formation of the axion stars
begins in the radiation-dominated era, which, according to the ACDM model, corresponds to redshift
z ~ (5244 -10° — 1.47 - 10'1).

Dense star : [=0,m=0 Dilute star : [=0,m =0

0.010
30 30 0.008
20
n 0.006 -
20
n 10 "
0.004 -
10 0
0 0.2 04 0.6 0.8 1 0.002
' L
0 0
0 10 20 30 40 50 0 20 40 60 80 100
r ¥
Dilutestar: I=1,m=0 Dilute star: I=1,m=11
0.003
0.02
0.002
n n
0.01
0.001
0 - - - 04
0 5 10 15 20 0 50 100 150 200
r F

Figure 2. Axion field density, 1, vs. dimensionless radial variable r (m, = 5.3 - 10~ eV). Inset: zoom
of the main graph.
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Table 2. Results of numerical computation.

Angular Axion mass m,; = 5.3-10" 1 eV
momentum Star radius, r; | Star mass | Density, nj, [ Redshift, z
I=0,m=0 55[0.06 pc] | 43.8[1.57-10°My] | 5.86-107° [ 4.35-10°
1=0,m=0 | 350[048pc] | 9.56[3.43-10° M] | 3.58-10~% | 7.96-10%
I=1,m=0 | 410[0.49 pc] 0.11[4- 107 Mo] 1.21-10~ 12 2572
I=1,m==+1| 550[0.66pc] | 109.5[3.92-10° M] | 1.77-10~ 1 6291

The mass of galaxies can vary significantly depending on their type and size:

e Dwarf Galaxies: M ~ (107 — 10°) M.
e  Spiral Galaxies: M ~ (10" — 10'2) M.
e Elliptical Galaxies: M =~ (10'2 — 10'3) M.

Considering the distribution of different types of galaxies, the average mass of galaxies in our universe
can be roughly estimated as follows: M ~ 10! M. As one can see, the mass of axion stars presented
in Table 2 is inside the range of the observable data.

The current size of the axion stars can obtained using the relation: d = 2zr;,. We obtain

d =522 kpc (M = 1.57-10'° M)
d =764 kpc (M = 3.43-10° M)

d =252 kpc (M =4-10” M)

d =83 kpc (M = 3.92-10'9 M)

These results are in agreement with an estimation of the halo size for typical galaxies:

*  Spiral Galaxies: 61.3 to 92 kpc in diameter
e  Elliptical Galaxies: 92 to 306.6 kpc in diameter
¢ Dwarf Galaxies: up to 9.2 kpc in diameter

Primordial ULA stars offer potential insights into the nature of dark matter and its role in galaxy
formation. As axion stars accrete additional axions, they contribute to the overall density of dark
matter halos. This increased density can enhance the gravitational potential of the halo, making it
more effective at attracting and retaining baryonic matter. By acting as seeds for structure formation,
primordial axion stars could play a pivotal role in the formation of galaxies and shape the universe
as we observe it today. Further research is needed to understand their properties, but their potential
impact on our understanding of the universe is profound.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study.
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