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We study axially symmetric multisoliton solutions of a complex scalar field theory with a sextic
potential, minimally coupled to Einstein’s gravity. These solutions carry no angular momentum and can be
classified by the number of nodes of the scalar field, k., along the symmetry axis; they are interpreted
as chains with k, 4- 1 boson stars, bound by gravity, but kept apart by repulsive scalar interactions. Chains
with an odd number of constituents show a spiraling behavior for their Arnowitt-Deser-Misner (ADM)
mass (and Noether charge) in terms of their angular frequency, similarly to a single fundamental boson star,
as long as the gravitational coupling is small; for larger coupling, however, the inner part of the spiral is
replaced by a merging with the fundamental branch of radially excited spherical boson stars. Chains with an
even number of constituents exhibit a truncated spiral pattern, with only two or three branches, ending at a
limiting solution with finite values of ADM mass and Noether charge.
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I. INTRODUCTION

Many nonlinear physical systems support nontopolog-
ical solitons, which represent spatially localized field
configurations. One of the simplest examples in flat space
is given by Q-balls, which are particlelike configurations in
a model with a complex scalar field possessing a harmonic
time dependence and a suitable self-interaction potential
[1-3]. When Q-balls are coupled to gravity, the so-called
boson stars (BSs) emerge, which represent solitonic
solutions with a topologically trivial and globally regular
geometry. The simplest such configurations are static and
spherically symmetric, the scalar field possessing a mass
term only, without self-interaction [4,5]. These solutions are
usually dubbed mini-boson stars (mBS), being regarded as
macroscopic quantum states, which are prevented from
gravitationally collapsing by Heisenberg’s uncertainty prin-
ciple; also, they do not have a regular flat spacetime limit.

Both Q-balls and BSs carry a Noether charge associated
with an unbroken continuous global U(1) symmetry. The
charge Q is proportional to the angular frequency of the
complex boson field and represents the boson particle
number of the configurations [2,3].

In flat spacetime, Q-balls exist only within a certain
frequency range for the scalar field: between a maximal
value w,,,c, Which corresponds to the mass of the scalar
excitations, and some lower nonzero critical value @,;,,
that depends on the form of the potential. On the one hand,
as the frequency @ approaches its extremal values, both the
mass M and the Noether charge Q of the configurations
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diverge. On the other hand, M and Q attain a minimum at
some critical value @y € [@pin, Wmax]- Away from oy,
the mass and the charge of the configurations increase
toward the divergent value at the boundary of the domain.
Within [@;,, @], the configurations become unstable
against decay.

The situation is different for BSs: gravity modifies the
critical behavior pattern of the configurations. The funda-
mental branch of the BS solutions starts off from the
perturbative excitations at @ ~ ., at which M, Q
trivialize (rather than diverge). Then, the BSs exhibit a
spiraling (or oscillating) pattern of the frequency depend-
ence of both charge and mass, where both tend to some
finite limiting values at the centers of the spirals.
Qualitatively, the appearance of the frequency-mass spiral
may be related to oscillations in the force balance between
the repulsive scalar interaction and the gravitational attrac-
tion in equilibria. Indeed, radially excited rotating BSs do
not exhibit a spiraling behavior; instead, the second branch
extends all the way back to the upper critical value of the
frequency @y, forming a loop [6].

The main purpose of this paper is to report on the
existence of a new type of solutions, which correspond to
chains of BSs." These are static, axially symmetric

'Similar chains, but for a scalar field without self-interactions,
were recently studied in [7], in the context of multipolar BSs.
Here, we emphasize the interpretation of multiple BSs, rather
than a single multipolar BS.
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equilibrium configurations interpreted as a number of BSs
located symmetrically with respect to the origin, along the
symmetry axis. We construct these solutions and inves-
tigate their physical properties for a choice of the scalar
field potential with quartic and sextic self-interaction terms,
which was employed in most of the Q-balls literature. We
note that similar configurations of chains of constituents are
known to exist both for gravitating and flat space non-
Abelian monopoles and dyons [8-20], Skyrmions [21-23],
electroweak sphalerons [24-28], SU(2) non-self-dual con-
figurations [29,30], and Yang-Mills solitons in anti-de
Sitter (ADS,) spacetime [31,32].

In these multicomponent BS configurations, the constitu-
ents form a chain along the symmetry axis and, consequently,
the scalar field is required to possess “nodes” (zeros of the
scalar field amplitude). Configurations with k, nodes on the
symmetry axis possess k, + 1 constituents. Configurations
with even and odd numbers of constituents can show a
different pattern, when their domain of existence is mapped
out. In particular, we find that the pattern exhibited by a mass-
frequency diagram of the chains of BSs can differ both from
the typical spiraling picture and from the closed loop
scenario. For chains with an even number of constituents,
the pattern always terminates at critical solutions. For chains
with an odd number of constituents, the pattern depends on
the strength of the gravitational interaction. The configura-
tions then either merge with the corresponding radial
excitation of the fundamental solution, or the central con-
stituent of the configurations exhibits oscillations while
retaining smaller satellite constituents.

This paper is organized as follows. In Sec. II, the
theoretical setting is specified. This includes the action,
the equations of motion, the ansatz, and the boundary
conditions for the BS chains. The numerical results for
these new equilibrium configurations are shown in Sec. I11.
We give our conclusions in Sec. IV.

II. THE MODEL

A. Action, field equations, and global charges
We consider a self-interacting complex scalar field @,
which is minimally coupled to Einstein’s gravity in a
(3 + 1)-dimensional space-time. The corresponding action
of the system is

R 1
= [ d*x\/= —— g (D@, + DD ) - U(|D|?
5= [ #r /ey (@ 0,0, -U(0P) |

(2.1)

where R is the Ricci scalar curvature, G is Newton’s
constant, the asterisk denotes complex conjugation, and U
denotes the scalar field potential.

Variation of the action (2.1) with respect to the metric
leads to the Einstein equations

1
E,=R, - Egm,R - 82GT,, =0, (2.2)

where
T,=0,0,+0,0,

1
- g;u/ [Eggt(q)jﬁaq),r + q).*fq),(f) + U(|q)|2):| (23)

is the stress-energy tensor of the scalar field.
The corresponding equation of motion of the scalar field
is the nonlinear Klein-Gordon equation

d
- Yoy,
d|®|

where [ represents the covariant d’ Alembert operator.

The solutions considered in this work have a static line
element (with a timelike Killing vector field &), being
topologically trivial and globally regular, i.e., without an
event horizon or conical singularities, while the scalar
field is finite and smooth everywhere. Also, they approach
asymptotically the Minkowski spacetime background.
Their mass M can be obtained from the respective
Komar expressions [33],

(2.4)

1
M=— [ R, n*&dV. 2.5
G | R 25

Here X denotes a spacelike hypersurface (with the volume
element dV), while n* is normal to X, with n,n* = —1 [33].
After replacing in (2.5) the Ricci tensor by the stress-energy
tensor, via the Einstein equations (2.2), one finds the
equivalent expression

1
M=2 / <TW -5 gﬂyT}’) nherdy.
z

The action (2.1) is invariant with respect to the global
U(1) transformations of the complex scalar field,
® — e, where a is a constant. The following Noether
4-current is associated with this symmetry:

(2.6)

Ju = —i(®0,P* — ®*0,D). (2.7)
It follows that integrating the timelike component of this
4-current in a spacelike slice X yields a second conserved
quantity—the Noether charge,

0= / jn,dv. (2.8)
z
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B. The ansatz and equations

Apart from being static, the configurations in this work
are also axially symmetric.” Thus, in a system of adapted
coordinates, the space-time possesses two commuting
Killing vector fields

E=0/0t and n=0/0gp, (2.9)
with 7 and ¢ the time and azimuthal coordinates, respec-
tively. Line elements with these symmetries are usually
studied by employing a metric ansatz [34]

—e~2U(p2) gg2 + eZU(p,z)

« {er(p,Z)(dp2 + dzz) —+ P(,O, Z)zd(/’z]’

ds? =
(2.10)

where (p,z) correspond, asymptotically, to the usual
cylindrical coordinates.” However, in the numerical treat-
ment of the Einstein-Klein-Gordon equations, it is useful
to employ “quasi-isotropic” spherical coordinates (r, ),
defined by the coordinate transformation in (2.10)

p = rsiné, z=rcosb, (2.11)
with the usual range 0 < r < 00, 0 < € < z. Then the metric
can be written in a Lewis-Papapetrou form, with

[
52 = —fdf? + ? (dr2 + r2d92) —|—?r2 sin® Odg?. (2.12)

The three metric functions f, [, and m are functions of the
variables r and 6 only, chosen such that the trivial angular
and radial dependence of the (asymptotically flat) line
element are already factorized. The relations between the
metric functions in the above line element and those in
(2.10) are f = e72Y, Ir?sin? @ = P2, m = e**. The sym-
metry axis of the spacetime is located at the set of points
with vanishing norm of #, ||5|| = 0; it corresponds to the
z-axis in (2.10) or the set with 8 =0,z in (2.12). The
Minkowski spacetime background is approached for
r—oo, with f=1=m=1.

For the scalar field, we adopt an ansatz with a
harmonic time dependence, while the amplitude depends

n (r,0),

= p(r,0)e i, (2.13)

where @ > 0 is the angular frequency. The corresponding
stress-energy tensor is static, with the nonvanishing
components

2 242 2 2 42
(=) v n=l (e ) e =T
r-m
2 242 2 2 12
Tﬁ——i(# ) el ove) n=-L(n+%) -2 v (2.14)

After inserting the ansatz (2.12) and (2.13) into the field equations (2.2) and (2.4), we find a system of six coupled partial
differential equations that needs to be solved. There are three equations for the metric functions f, [, m, found by taking the

following suitable combinations of the Einstein equations, E. + E% =0, E) = 0, and E! =

Fort L e (s f2> S

0, yielding

m =0,

Jolo >+ 167[G<U(¢2>—2“’—%2>

f

Ly + % + 35;’ 2ot 00:291’9 (12 l:) + 322G (U(¢2) - #) 17’" =0,
m,,+m‘”’ T ( 2 fz) —% <m,2,+m7*29> + 16nG[£ (qb?r ¢2> +U(¢*) - jsz] m72=0 (2.15)
and one equation for the scalar field amplitude
*The scalar field possesses a time dependence (with 0,® = —iw®), which disappears at the level of the energy-momentum tensor.

However, the scalar field is axially symmetric, 64,(13 =0.

*In the Einstein-Maxwell theory, it is always possible to set P = p, such that only two independent metric functions appear in the
equations, with (p, z) the canonical Weyl coordinates [34]. For a (complex) scalar field matter content, however, the generic metric

ansatz (2.10) with three independent functions is needed.
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2 1, !
¢.,,+%+ <;+§>¢,+ <cot9+'—9)@

20) r*
@w* OU\m
+(7_<9752>7¢_0'

Apart from these, there are two more Einstein equations,
E,=0,E; - Ez = 0, which are not solved in practice,
being treated as constraints and used to check the numerical
accuracy of the solutions.

The mass M is computed from the Komar expression (2.5),
where we insert the metric ansatz (2.12), with unit vector
n = —/fdt, the volume element dV = 1/+/f\/=gdrd@de,

and /=g = 7’ sin 9@. In evaluating (2.5), we use the fact
that R} is a total derivative,

(2.16)

PrsinOVIf,\ 9 (sinoVif,
)‘ ( 2f )

., 0
HR_E( of a0

00

Then it follows that M can be read off from the asymptotic
expansion of the metric function f,

2MG 1
f:l—T—I—O(ﬁ).

Alternatively, the mass M can be obtained by direct
integration of (2.6),

(2.17)

M = / (Tt = Tr =T —Th)\/—gdrdodep

o z _VIm 20 ¢?
— 2 2y —
—471A drA dfr=sin 0 7 (U((j)) 7 >

(2.18)

In terms of the above ansatz, the Noether charge Q is
given by

Q:4nw/wdr/ﬂd9\ﬁ;n
0 0 f

r? sin O¢?.

(2.19)

Also, let us note that the solutions in this work have
no horizon. Therefore, they are zero gravitational entropy
objects, without an intrinsic temperature. Still, in analogy
to black holes, one may write a “first law of thermody-
namics” [35], albeit without the entropy term, which reads

dM = wdQ. (2.20)
This gives a relation between the mass and Noether charge

of neighboring BS solutions which can be used to check the
numerical accuracy of the solutions.

C. The potential and scaling properties

The solutions in this work were found for a potential
originally proposed in [36,37],

U(|o]?) = vj@° - alo[* +p @), (2.21)
which is chosen such that nontopological soliton
solutions—Q-balls—exist in the absence of the Einstein
term in the action (2.1), i.e., on a Minkowski spacetime
background [38-41]. Also, at least in the spherically
symmetric case, this choice of the potential allows for
the existence of very massive and highly compact objects
approaching the black hole limit [38].

The parameter y in (2.21) corresponds to the mass
of the scalar excitations around the |®| =0 vacuum.
Apart from that, the potential possesses two more param-
eters (v,1) > 0, determining the self-interactions, which
are chosen in such a manner that it possesses a local
minimum at some finite nonzero value of the field |®|,
besides the global minimum at |®| = 0.

Two of the constants in (2.21) can actually be absorbed
into a redefinition of the radial coordinate together with a
rescaling of the scalar field,

VH
1/1/4\/14_0

with u > 0 an arbitrary constant. Note that the scalar field

frequency changes accordingly, @ — “ w.

"
Then, the potential (2.21) becomes (up to an overall
factor)

u
r——r, ¢ —

. (2.22)

. - )J/lo
with 1 =——+. 2.23
P (2.23)

The choice employed in most of the Q-ball literature is

U= ¢° - 1¢* + ujd?.

=11, and 1=2, (2.24)
which are the values used also in this work.

For completeness, let us mention that for the specific
ansatz (2.12) and (2.13) with the above scalings, the
equations for gravitating Q-balls (which are effectively
solved) can also be derived by extremizing the following
reduced action®:

Sy0d = / drdo(L, — 4a>L,), (2.25)

with [for ease of notation, we denote (VS)-(VT)=
S.rT,r + ,,_IZS.GT,H]

*In (2.26), we use the dimensionless radial variable » and the
dimensionless frequency @ given in units set by .
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. 1 1
L,=r’sinoV1 {%(vn (Vm) —2—ﬂ(v 1)
1 cotd 1 cotd
——\l,+—lg)|+—m,+——my ]|,
rl r rm r
1 2 52
L,=r? sineﬂ {i (Vo) - a)fgb + ¢S —2¢* + 1.1¢2] )
m
(2.26)
The (dimensionless) coupling constant reads
o = 2 (2.27)
Vg

which determines the strength of the gravitational coupling
of the solutions.

As with the known spherically symmetric configura-
tions, solutions exist for 0 < a < co. The limit a — 0
corresponds to the nonbackreacting case, i.e., Q-balls on
a fixed Minkowski background. To understand the large o
limit, we define ¢ = ¢p/a. Then for large values of the
effective gravitational coupling «a, the nonlinearity of the
potential (2.21) becomes suppressed and the system
approaches the usual Einstein-Klein-Gordon model [4,5],
with its corresponding mBS solutions. That is, the resulting
equations are identical to those found for a model with a
non-self-interacting, massive complex scalar field ¢.
However, in this work, we shall restrict our study to the
case of a finite, nonzero a. The basic properties of the mBS
chains were studied (in a more general context) in the
recent work [7], while the issue of flat spacetime Q-ball
chains will be discussed elsewhere.

D. Boundary conditions

The solutions studied in this work are globally regular
and asymptotically flat, possessing finite mass and Noether
charge. Appropriate boundary conditions guarantee that
these conditions are satisfied.

Starting with the boundary conditions for the metric
functions, regularity of the solutions at the origin requires

8rf'r:() = arm‘rzo = arl|r:0 =0. (228)

Demanding asymptotic flatness at spatial infinity yields

(2.29)

flr—>oo = m|r—>oo = l|r—>oo =L

Axial symmetry and regularity impose on the symmetry
axis at @ = 0, = the conditions
oPlo—0. = 00f9=0.2 = Oomlg—02 = Opllg—0.=0. (2.30)

Further, the condition of the absence of a conical singu-
larity requires that the solutions should satisfy the

constraint mlg_q, = Il|g_o,. In our numerical scheme,
we explicitly verified (within the numerical accuracy) this
condition on the symmetry axis.

Turning now to the boundary conditions for the scalar
field amplitude, we mention first that ¢ approaches
asymptotically the global minimum,

¢|r—>oo = 0’ (231)
while on the symmetry axis we impose
Dgplo—0.. = 0. (2.32)

The behavior of the scalar field at the origin is more
complicated, depending on the considered parity P. As
mentioned in the Introduction, the solutions split into two
classes, distinguished by their behavior with respect to a
reflection along the equatorial plane § = z/2. The geom-
etry is left invariant under this transformation,

f(r.z=0) = f(r.0),
m(r,m—60) =m(r,0)

l(r,m—0)=1(r0),
(2.33)

for the scalar field; however, there are two possibilities,

P =1 (even parity):¢(r,z —0) = ¢(r,0), (2.34)

P =—1 (odd parity):¢(r,n—0) =—¢p(r,0). (2.35)
We use this symmetry to reduce the domain of integration
to [0, o0) X [0, /2], with

39f|e=ﬂ/2 = a(9m|9=ﬂ/2 = aal|ev=n/2 =0 (2-36)

and

P - 1:89¢|9:”/2 = 0, 7) - —1 :¢|9:ﬂ/2 - 0, (237)

together with

P=1:0,¢|,_o=0, P=-1:¢|,_,=0. (2.38)
Finally, let us mention that, for both P = 41, one can
formally construct an approximate expression of the
solutions compatible with the above boundary conditions,
e.g., by assuming the existence of a power series form close
to r = 0. The resulting expressions are of little help in
understanding the properties of the solutions, and a
numerical approach is necessary.” However, one important
result of this study is the bound-state condition

SWe recall that, more than fifty years after their discovery [4,5],
the static mBS are still not known in closed form.
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o <, (2.39)
which emerges from the finite mass requirement. No
similar result is found for the minimal value of frequency.

E. Numerical method

The set of four coupled nonlinear elliptic partial differ-
ential equations for the functions (f,[,m;¢) has been
solved numerically subject to the boundary conditions
defined above. In a first stage, a new compactified radial
variable x is introduced, replacing r, with

-
c+r’

X = (2.40)
with ¢ an arbitrary parameter, typically of order one. With
this choice, the semi-infinite region [0, c0) is mapped to the
finite interval [0, 1]. This avoids the use of a cutoff radius.

The numerical calculations have been performed by
using a sixth-order finite difference scheme. The system
of equations is discretized on a grid with a typical number
of points 129 x 89. The underlying linear system is solved
with the Intel MKL PARDISO sparse direct solver [42]
using the Newton-Raphson method. Calculations are per-
formed with the packages FIDISOL/CADSOL [43] and
CESDSOL® library. In all cases, the typical errors are of
order of 107%.

For the choice (2.24) of the potential’s parameters, the
only input parameters are the gravitational coupling con-
stant a together with the scalar field’s frequency w. The
parity of the solutions is imposed via the boundary
conditions (2.34) and (2.38). The number of individual
constituents results from the numerical output. Also, in all
plots below, quantities are given in natural units set by y, G.

III. THE SOLUTIONS

A. Nodal structure and energy distribution

The choice of the parity P is related to the number of
distinct constituents of the solutions (as resulting e.g., from
the spatial distribution of the energy density). Moreover,
denoting the number of nodes on the symmetry axis by k_,
the solutions can be classified by the number of nodes k,.
The number of constituents of the chains is given by &k, + 1.
The even-parity configurations (P = 1) have an even k,,
while the solutions with an odd &, are found for P = —1.
For example, the spherically symmetric solutions have
k., = 0 and one single constituent localized at the origin,
r = 0. The simplest nonspherical configuration has k, = 1
and represents a pair of static BSs’ with opposite phases,

(’Complex equations—simple domain partial differential equa-
tions SOLver is a C++ package being developed by one of us (L. P.).
In principle, the k, = 1 solutions can be thought of as the
static limit of negative parity spinning configurations considered
in [41].

the inversion of the sign of the scalar field function ¢ under
reflections @ — 7 — 6 corresponds to the shift of the
phase ot - wt + 7.

It was pointed out that the character of the interaction
between Q-balls in Minkowski spacetime depends on their
relative phase [44,45]. If the Q-balls are in phase, the
interaction is attractive, if they are out of phase, there is a
repulsive force between them. Thus, an axially symmetric
k, =1 solution can be balanced by the gravitational
attraction.

Solutions with k, > 1 exist as well; the maximal value
we have reached so faris k, = 5; however, they are likely to
exist for an arbitrarily large k..

To illustrate these aspects, we display in Fig. 1 several
functions of interest for the five types of representative
configurations. Both odd and even parity configurations are
shown there, with the node numbers k, = 0—4; also, the
solutions have the same values of the input parameters,
a =0.25 and w/u = 0.8, being located on the first branch
in the (@, M)-diagram (as described below). These chains
possess one to five constituents (from top to bottom), as
seen by the number of peaks of the charge density, shown in
the left panels. The middle panels represent the scalar field
amplitude ¢, and the right panels show the metric function
f = —g,,. For the sake of clarity, we have chosen to exhibit
these figures in polar coordinates (p,z), as given by
Eq. (2.11).

The first row shows a single spherically symmetric BS
for comparison. The second row exhibits the pair of BSs.
The charge density has two symmetric peaks, the metric
function has two symmetric troughs, while the scalar field
function is antisymmetric, featuring a peak and a trough.
The triplet, quartet, and quintet in the next few rows feature
k, + 1 very similar (in size and shape) peaks for the charge
density and troughs for the metric function, while the scalar
field shows alternating peaks and troughs, all located
symmetrically along the z-axis. Thus, on the fundamental
branch, we basically encounter a chain consisting of k, + 1
BSs, all possessing similar size, shape, and distance from
their next neighbors.

This picture partially changes as we move along the
domain of solutions, for a given coupling a. This is seen in
Fig. 2, where these chains (k, = 0—4) are now shown for
illustrative solutions sitting on the second branch of the M
vs @ domain of existence (see the discussion in the next
subsection), with @ =0.25 for k, =0-3, a=0.5 for
k,=4, and o/p=1{0.43,0.47,0.57,0.7,0.7} for k. = 04,
respectively. As we look at the charge density of the
configurations, we see a dominant peak at the center for
odd chains and a dominant inner pair for even chains, while
the other peaks of the triplet, quartet, and quintet have
turned into slight elevations, hardly visible in the figures. In
the metric functions, the troughs at the center of the odd
chains dominate and likewise the (almost merged) inner
pair of troughs of the even chains. All other troughs are
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Chains of BSs with one to five constituents (from top to bottom) on the first (aka fundamental) branch for a = 0.25 at

w/u = 0.80: 3d plots of the U(1) scalar charge distributions (left plots), the scalar field functions ¢ (middle plots), and the metric
functions f (right plots) versus the coordinates p = rsin@ and z = rcos 6.

weakened substantially. The scalar field itself, however,
retains the outer peaks and troughs to a somewhat greater
extent, still reflecting clearly the number of constituents of
the chains.

B. The w-dependence and the branch structure

Recall the frequency dependence for the single BSs and
for fixed coupling a [38]. The set of BSs emerges from the
vacuum at the maximal frequency, given by the boson mass
Wmax = M. Thus, unlike the case of Q-balls in flat space,
where mass and charge diverge, these quantities vanish in
this limit. Decreasing the frequency @ spans the first or

fundamental branch, which terminates at the first back-
bending of the curve, at which point it moves toward larger
frequencies. The curve then follows a spiraling/oscillating
pattern, with successive backbendings.

The mass and charge form a spiral, as o is varied, while
the minimum of the metric function f and the maximum of
the scalar function ¢ show damped oscillations. The set of
solutions tends to a limiting solution at the center of the
spiral which has finite values of the mass and charge.
However, the values of the scalar field function ¢ and the
metric function f at the center of the star, which represent
the maximal and minimal values of these functions, ¢«
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FIG.2. Chains of BSs with one to five constituents (from top to bottom) on the second branch for differing values of & and w: 3d plots
of the U(1) scalar charge distributions (left plots), the scalar field functions ¢ (middle plots), and the metric functions f (right plots)

versus the coordinates p = rsin@ and z = rcosé.

and f ., respectively, do not seem to be finite, with ¢«
diverging and f,,;, vanishing in the limit.

Let us now consider the frequency dependence of the BS
chains, when the coupling «a is kept fixed. Like the single
BSs, all chains emerge similarly from the vacuum at the
maximal frequency, given by the boson mass @« = i,
where their mass and charge vanish in the limit.

When o is decreased, mass and charge rise and the
chains follow along their fundamental branch. As for the
single BS, for all chains this fundamental branch ends at a
minimal value of the frequency, from where a second
branch arises. But then even and odd chains will in general

exhibit different patterns, which will also depend on the
coupling strength a.

1. Even chains

Let us consider the BS pair and the higher even chains in
more detail. We illustrate the w-dependence for even chains
in Fig. 3, selecting the BS pair (k, = 1) and the BS quartet
(k, = 3), and comparing with the single BS. In the upper
panels, we show the k, = 1 pair (solid curves), the k, = 3
quartet (dash-dotted curves), as well as the k, = 0 single
BS (dashed curves). For the latter, we only show the first

065009-8



CHAINS OF BOSON STARS PHYS. REV. D 103, 065009 (2021)

25
20}
154
5
s
104
5F
0
w w
1 T T T T T T 20 T T T T T T T
0=0.25
a=05 181 T
a=1 16 L o=0.25 i
05} b 14+ 7
T 12| -
JEoasL - o 10F .
08} o= g
; a=015 oo
01/ \ - 06 F 4
: e a=05
S 04t g
" 02} .
O 1 1 1 1 1 ‘/' 1 1 OO 1 1 1 1 1 1 1 1
04 05 06 07 08 09 10 03 04 05 06 07 08 09 10
w w
40 T T T T T T T T
35 a=0.25 .

FIG. 3. Comparison of the k, = 0 single BSs (dashed curves), the k, = 1 pair of BSs (solid curves), and the k, = 3 quartet of BSs
(dash-dotted curves): scaled ADM mass M (upper left panel), scaled charge Q (upper right panel), minimal value of the metric function
Sfmin (middle left panel), maximal value of the scalar field ¢, of the k, = 1 pair only (middle right panel), and separation z4 between
the two components of the k, = 1 pair only (lower panel) vs. frequency w for several values of the coupling a. Note the quadratic scale
for fin and zg4.

few branches. In the two upper panels, we exhibit the scaled ~ the k, = 1 pair, we then exhibit the maximal value ¢,,,, of
ADM mass M (left) and the scaled charge Q (right). The  the scalar field function ¢ on right middle panel and the
different colors refer to different values of the coupling @.  separation z4 between the components of the k, = 1 pair in
The middle left panel shows in an analogous manner the  the lower panel. All quantities are shown versus the
minimal value f;, of the metric function f. Restricting to  frequency .
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FIG. 4. Profiles on the symmetry axis of the metric function f (left) and the scalar field function ¢ of the k, = 1 (almost) critical
solution on the second branch at @ = 0.85 and @ = 1 (upper plots), and on the third branch at @ = 0.52 and @ = 0.5 (lower plots). Also,

z=rcosf, with 8 =0, x.

Whereas the single BSs constitute an infinite set of
branches, that form a spiral or a damped oscillation,
depending on the quantity of interest [38], the even chains
seem to end in a limiting configuration quite abruptly
somewhere in the middle of a branch. The number of
branches before this limiting configuration is encountered
depends on the strength of the gravitational coupling a. For
small a, there are more branches, for larger a, the limiting
configuration is already encountered on the second branch,
as illustrated in Fig. 3 for the BS pair.

The mass and the charge exhibit only the onset of a
spiraling behavior with two branches for the larger a values
(a=0.5, 1) and three branches for the smaller ones
(¢ =0.15, 0.2, 0.25). The minimum f_;, the metric
function (middle left) and the maximum ¢,,,, of the scalar
function (middle right) exhibit only two or three oscilla-
tions. The coordinate distance zy between the two compo-
nents of the pair, as given by twice the value of the
z-coordinate of the maximum ¢,,,, exhibits both types of
behavior (lower). For small @ (a« = 0.15), z4 shows three
oscillations, while it decreases continuously. For larger o

(a = 0.25), it exhibits the onset of a spiral, with again larger
values on the third branch.

Let us now address the limiting behavior of the pairs in
more detail and its dependence on the coupling a. To that
end, we illustrate in Fig. 4 the profiles of the metric function
f (left panels) and the scalar field function ¢ (right panels)
on the z-axis, choosing a large (upper panels) and a small
(lower panels) value of the coupling a. Since for the large a,
the coordinate distance zy does not decrease monotonically,
but increases again toward the limiting solution, we retain
two well-separated components in the limit. The minimum
of the metric function f,;, tends to zero in the limit, while
the maximum (minimum) of the scalar field function ¢,
(¢min) becomes extremely sharp.

In fact, the scalar field amplitude ¢ acquires the shape of
two antisymmetric peak(on)s associated with the locations
of the minima of the metric function f, where the name
peakons refers to field configurations with extremely large
absolute values of the second derivative at the maxima
[46,47]. Further numerical investigation of such singular
solutions is, unfortunately, plagued by severe numerical
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FIG.5. k, = 2 triplet of BSs: scaled ADM mass M (upper left panel), scaled charge Q (upper right panel), minimal value of the metric
function f,;, (middle left panel), maximal value of the scalar field function ¢, (middle right panel), and separation z4 between
neighboring components of the k, = 2 triplet (lower panel) vs frequency @ for several values of the coupling a. Note the quadratic scale
for Q, fmin, and zg4.

problems. We remark that in the case of odd chains the For smaller a, the coordinate distance z4 between the two
choice of spherical coordinates and the presence of the  components of the pair decreases monotonically towards
major peak(on) at the origin alleviate the numerical  the limiting solution. Figure 4 shows that the closeness of
problems considerably. the extrema of the scalar field function coincides with a
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very steep rise of the scalar field function at the origin. The
metric function, however, retains only a small peak at the
origin. Here the numerical grid allows for better resolution
of this extremal behavior and thus a closer approach to the
limiting solution. Still, the approach toward the limiting
solution is restricted by numerical accuracy.

The k, = 3 quartet represents a bound state of four BSs,
located symmetrically along the symmetry axis. It may also
be viewed as a bound state of two bound pairs of BSs, since
this configuration is not fully symmetric. The two inner
BSs are slightly larger than the two outer BSs, though there
is not too much distinction between the stars as long as the
configuration resides on the fundamental branch. As seen
in Fig. 3, these quartet configurations share most of
the properties with k, = 1 pairs. For the chosen values
of the coupling a, we find two branches of solutions,
the fundamental branch connected to the perturbative

1 1 1 1 1 1
075 080 085 090 095 100

05+

LE025}

01}

0 1 1 1 1 o 1 1
075 080 085 090 095 1.00

w

excitations at @ — @p,, and the second branch leading
to a limiting solution. While approaching this limiting
solution, the outer extrema of the metric and of the scalar
field function become less pronounced, leaving basically
the two inner extrema, which evolve completely analo-
gously to the extrema of the pair toward a limiting solution.
We expect this scenario to represent a generic pattern seen
for all chains with odd k, (although so far we have checked
it for k, =1, 3, 5 only).

2. Odd chains

As noticed above, the odd chains always possess a BS
centered at the origin, with the remaining BSs are located
symmetrically with respect to the origin, on the symmetry
axis. The presence of the central BS constituent suggests
that the (w, M)-pattern of the odd chains could resemble
that found for a single BS. To scrutinize this conjecture, let

0 1

1 1 1 1 1
075 080 085 090 095 100

25 T T T T T T

20 F

0.5

0.0
0.70

075 080 085 090 0.95

w

FIG. 6. Comparison of the radially excited n, = 1 single BSs (dashed curves), and k, = 2 triplet of BSs (solid curves): scaled ADM
mass M (upper left panel), scaled charge Q (upper right panel), minimal value of the metric function f,;, (lower left panel), maximal
value of the scalar field function ¢,,,, (lower right panel) vs frequency @ for two values of the coupling a. Note the quadratic scale

for fiin-
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us consider the branch structure for the k, = 2 triplet of
BSs, exhibited in Fig. 5 for four values of the coupling a
(with different colors). Analogously to the even chains, we
show in the two upper panels the scaled ADM mass M (left)
and the scaled charge Q (right). The middle panels show
the minimal value f;, of the metric function (left) and the
maximal value ¢, of the scalar field function (right),
while the lower panel shows the separation z4 between the
neighboring components of the k, = 2 triplet. Again, all
quantities are shown as a function of the frequency w.

Let us first consider small values of the coupling a. Then
our expectation is borne out, and we observe the triplet
forming spirals for the mass and charge, while damped
oscillations for the extremal values f;, and ¢, The
extremal values always reside at the center of the configu-
rations, i.e., at the origin. Also, the separation z4 between
the neighboring components of the k, = 2 triplet forms a
spiral. Here, along this spiral, the contribution of the central
BS to the full configurations becomes dominant, while the
outer BSs contributions diminish.

When increasing the coupling constant beyond a 2 0.45,
however, the scenario changes completely. While the
configurations still follow a similar pattern along the
fundamental branch, the further part of the (w, M)-diagram
does not involve a spiraling/oscillating behavior. Instead,
there is a single second branch, that leads all the way back
to the vacuum configuration. Thus, all physical quantities
exhibit loops, beginning and ending at @,,,,. This may be
interpreted as follows. Along the second branch the
configurations again feature a dominant central BS, but
the “satellite” BSs dissolve into a (sort of) boson shell.
Moreover, the system tends more and more toward spheri-
cal symmetry. Now we recall that a central BS surrounded
by a boson shell is precisely what constitutes a radially
excited spherically symmetric BS with a single radial node,
n, = 1. This suggests that the k, = 2 triplet might merge
with a n, = 1 single BS.

Let us therefore compare the M — @ diagram of the
k, = 2 triplets at large coupling a with that of the radially
excited n, = 1 single BSs. Such a comparison is shown in
Fig. 6, where the k, =2 BS triplets are marked by solid
curves and the radially excited n, = 1 single BSs by dashed
curves for two values of a. The upper panels show the
scaled ADM mass M (left) and the scaled charge Q (right),
while the lower panels show the minimal value f,;, of the
metric function f (left) and the maximal value ¢,,,, of the
scalar field function ¢ (right).

These figures are indeed very telling. The radially
excited n, = 1 single BSs exhibit the typical curve pattern
of spherically symmetric BSs. They emerge from the
vacuum, form the fundamental branch and end in a
spiraling/oscillating pattern. The k, = 2 triplet likewise
emerges from the vacuum, forms a fundamental branch,
and a second branch, but this second branch of the triplet
nicely overlaps with the fundamental branch of the n, = 1

single BSs at some critical value of the frequency w,,. The
overlap happens when mass and charge of the n,, = 1 single
BSs have already passed their maximal values and the
radially excited stars are descending into the spiral.

It is now clear how the domain of existence of odd chains
with more constituents should be for sufficiently large
values of the coupling a. Let us consider a chain with k,
nodes and thus k, + 1 constituents. Then this chain will
feature on its fundamental branch k, 4+ 1 more or less equal
BSs, located on the symmetry axis. Subsequently, the
central BS will start to dominate while the satellite BSs
will dissolve into boson shells. As the system tends toward
spherical symmetry, it will overlap with a n, = k_/2 single
BS at some critical value of the frequency. We have
checked this behavior for the k, =4 BS quintet, which
indeed overlaps with the radially excited n, = 2 single BS.

IV. CONCLUSIONS

The main purpose of this paper was to report the
existence of a new type of solitonic configurations for a
model with a gravitating self-interacting complex scalar
field. These configurations represent chains of BSs, with
k, + 1 constituents located symmetrically along the sym-
metry axis. The number k, > O represents the number of
nodes on the symmetry axis of the scalar field amplitude ¢.

The chains emerge from the vacuum ¢ = 0 at a maximal
value of the boson field frequency w, which is given by the
field’s mass. For any k,, a fundamental branch of solutions
is found emerging from this vacuum, in a (w, M)-diagram
(with M the ADM mass), ending at a minimal value of the
frequency @, whose value is determined by the self-
interaction potential and the gravitational coupling strength
a. The subsequent solution curve depends on the number
of constituents and the coupling a. A single spherical BS
has been argued to form an infinite number of branches,
leading to spirals or damped oscillations (depending on the
quantities considered) as its limiting configuration is
approached. For even chains, we do not see such an
endless spiraling/oscillating pattern. Instead, we observe
only two to three branches, depending on the coupling a.

As the limiting configuration is approached, the even
chains retain basically two of their k, + 1 constituents,
whose metric function gq, exhibits two sharp peaks,
reaching a very small value, while the scalar field features
two sharp opposite extrema located right at the location of
these peaks. The resulting configurations then feature huge
second derivatives of the functions, which impede further
numerical analysis toward the limiting solution.

The odd chains show a similar pattern as the single BS,
when the coupling a is small. This may be interpreted as the
central BS dominating the configurations on the higher
branches. For larger @, however, the pattern changes totally,
and the chains overlap on their second branch with a
radially excited spherical single BS with n, = k_/2 (radial)
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nodes. In this case, the central dominant BS will be
surrounded by n, “boson shells.”®

These solutions can be generalized in various directions.
The most obvious generalization is to include rotation. For
the scalar field, this means to include an explicit harmonic
dependence on the azimuthal angle ¢. The rotating single
BSs were obtained long ago [40,50-52]. The rotating BSs
with odd parity and k, =1, representing the rotating
generalizations of the pair of BSs, were also discussed
in the literature [41]. We predict the existence of rotating
generalizations for the triplet and the higher chains dis-
cussed in this work.

Single nonrotating BSs cannot be endowed with a
black hole at the center; the no-hair theorems forbid
their existence [53]. This result is, however, circum-
vented in the presence of spin, hairy generalizations of
the Kerr black hole (BH) with a complex scalar field
being reported in literature [54—61]. These hairy BHs
obey a synchronization condition relating the angular
velocity of the event horizon and the boson field
frequency. Most studies so far considered only an even
parity scalar field; see e.g., [62—74]. Synchronized hairy
BHs with an odd parity scalar field were obtained in
[62,63,74]. While these solutions represent only the
simplest type of generalizations, containing a single
black hole at the center of configurations with one
(parity even) constituent or two (parity odd) constituents
one can easily image to put a black hole either at the
center of rotating configurations with more than two
components [75], or to put a black hole at the center of
each of the components along the symmetry axis. Such
configurations should correspond to hairy double Kerr
solutions or hairy multi-Kerr solutions. It would be
interesting to see, whether the presence of the scalar hair
can regularize such solutions, so that no conical singu-
larity would be needed to hold them in equilibrium.

Along similar lines, but replacing rotation by an electric
charge, one could investigate chains of electromagnetically

8Boson shells without a central BS are also known [48,49].

charged BSs, generalizing the results for a single charged
BSs in Einstein-Klein-Gordon-Maxwell model [48,76,77].
Some results in this direction were reported in the recent
work [78], where (flat space) Q-chains were constructed in
a model with a U(1) gauged scalar field, for a particular
choice of the constants in the potential (2.21). Gravitating
generalizations of these solutions should also exist, sharing
some of the properties of the (ungauged) BS chains in this
work. In this context, we mention the recent results in
[77,79], showing that the no-hair theorem in [80] does not
apply to a single charged static BS in a model with a Q-ball
type potential (2.21), with the existence of BH generaliza-
tions. For chains of charged BSs, it would be again of
particular interest to see whether they would support
regular static multi-BH solutions.
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