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Spherical solutions of the Schrodinger-Poisson
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We construct spherically symmetric equilibrium solutions of the Schrsdinger-Poisson (SP) system of
equations with a core-tail structure that could serve as models of fuzzy dark matter (FDM) halos. The core
is assumed to be a solitonic ground state equilibrium configuration of the SP equations, and the tail is
integrated from a transition radius onwards. The total mass of the system parametrizes the family of
solutions and constrains the tail density profile. The tail has a radial velocity profile, whereas the core is
stationary. We investigate the evolution of these equilibrium configurations and find that the tail initially
perturbs the core, and consequently, the whole solution oscillates around a virialized solution that we call
“relaxed,” whose average also has a core-tail structure. We measure the departure of the relaxed
configuration from the equilibrium solution in order to estimate the utility of the latter. We also find
that the core-halo scaling relation of equilibrium configurations has an exponent @ = 1/3, whereas relaxed

configurations exhibit a scaling with a = 0.54.

DOI: 10.1103/PhysRevD.108.063519

I. INTRODUCTION

Ultralight bosonic dark matter or fuzzy dark matter
(FDM) is a candidate currently under study because it
shows interesting properties. Its mass is of order
10722-1072% eV, which implies a minimum size of the
structures it forms due to its large de Broglie wavelength
(see, e.g., the reviews [1-4]). The state of the art on the
subject involves sophisticated structure formation simula-
tions (e.g., [5-7]), based on the solution of the equations
that rule the dynamics of this type of matter, the
Schrodinger-Poisson (SP) system of equations, that have
captured two essential features of the model, namely, that it
behaves like Cold Dark Matter (CDM) at large scales,
whereas at local galactic scales it forms clumps with a core-
tail structure, where the core is the ground state solution of
the SP system [8,9] and the tail has a Navarro-Frenk-White
(NFW) decay [10].

The characterization of core-tail profiles obtained in
structure formation simulations (SFS) is a subject of current
interest and a garden variety of mass-energy combinations
and scaling relations arise [10]. Modeling core-halo struc-
tures resulting from SFS includes self-consistent construc-
tions of the wave function, that suits the density profiles in
terms of multimode expansion of the wave function
associated to virialized structures, as first seen in [11].
Nevertheless SFS are costly, which makes the study of
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galactic phenomenology difficult or unaffordable. For
instance, the construction of a catalog of FDM halos is
limited to the type of profiles obtained in SFS, which
unavoidably cannot have all possible combinations of core-
halo mass ratios, nor all the parameters of the core and
NFW density functions.

In order to overcome this limitation and at the same time
avoid expensive SFS, there are some strategies to construct
core-tail FDM configurations without the need of perform-
ing SMS. One of them consists in the evolution of multi-
core mergers that end up with the desired core-tail type
distribution (e.g., [12]); in the end, the merger of a small
number of halos requires less computer resources than SFS
and therefore the construction of FDM halos is affordable.
Another method consists in the ab initio construction of the
wave function describing a desired density profile, as in
[13], where solutions are constructed with a solitonic core
and the tail consisting of the superposition of modes that
replicate core and tail profiles at will. In the analysis of
[11], a similar multi-mode construction was needed and
constructed with the aim of building virialized structures
that could be compared with density profiles obtained in
SES simulations. These are strategies that allow the con-
struction of realistic galactic halos, in turn help to study
galactic dynamics avoiding the cost of halos obtained
from SFS.

In this paper we propose a different method to construct
equilibrium core-tail configurations, which are solutions of
the SP system of equations assuming spherical symmetry
and quantum-hydrostatic equilibrium. These configurations

© 2023 American Physical Society


https://orcid.org/0000-0003-4266-3374
https://orcid.org/0000-0002-1350-3673
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.063519&domain=pdf&date_stamp=2023-09-18
https://doi.org/10.1103/PhysRevD.108.063519
https://doi.org/10.1103/PhysRevD.108.063519
https://doi.org/10.1103/PhysRevD.108.063519
https://doi.org/10.1103/PhysRevD.108.063519

IVAN ALVAREZ-RIOS and FRANCISCO S. GUZMAN

PHYS. REV. D 108, 063519 (2023)

cover the domain [0, 7, ]=[0,7,]U[r,, Fmax] :=coreregionu
tailregion, where r, is a transition radius between the core
and fail regions. In the core we assume there is a solitonic
solution, and from r, on we integrate the stationary SP
equations assuming some boundary conditions at r, and
rmax- The family of solutions is parametrized by the total
mass of the configuration and the tail density-profile
adjusts itself to fulfill the total mass value.

Non-trivial equilibrium solutions are found for nonzero
radial velocity of the FDM in the tail region, which
compromises their stability. In order to study the effects
of the tail velocity we evolve the equilibrium solutions and
find that after an initial transient the density redistributes
and forms a new configuration that we call relaxed
solution, because it results from the evolution of an
equilibrium solution that is somehow in a tense equilibrium
state. The relaxed solution oscillates near a virialized state
and in average it also has the core-tail structure. This is not
a new effect, it also happens in many-multimode solutions
constructed in [13], where the assumption of stationarity is
only an approximation allowing the construction of initial
states, although after evolution the configuration evolves
and relaxes around a new redistributed configuration that
oscillates in time.

A further analysis includes the rotation curve (RC)
associated to both equilibrium and relaxed configurations.
We measure how the RC of the latter departs from that of
the former. We find that the departure is of a few percent
even for core-halo mass ratios of order ~0.2, which
corresponds to tail dominating configurations, and while
more core-dominating configurations are the departure
should be even smaller.

Finally, another property we explore is the core-halo
scaling relation, and find that equilibrium solutions obey
the scaling with an exponent a ~ 1/3, whereas relaxed
solutions are better fitted with a ~ 0.54, consistently with
previous analyses and formation processes.

The paper is organized as follows. In Sec. II we describe
the construction of the solutions, in Sec. III we show how
these evolve and their average behavior. Finally in Sec. IV
we draw some conclusions.

II. SOLUTIONS

The SP equations in dimensionless units describing the
dynamics of the bosonic dark matter is written as

1
0¥ =~V 4 V¥, (1)
Vo= PP - (PP, (2)

where

(¥ p) /W%wS, 3)

is the average mass density, calculated in the numerical
spatial domain D with volume V. We translate this system
into the quantum-hydrodynamic version in the Madelung
frame by using the wave function transformation ¥ = \//—)eis
[14], so that the system (1) and (2) reduces to equations for
mass density p and phase of the wave function S:

0 + V- (p7) =0, )
9,8 += |v|2—|—Q+V 0, (5)
V2V =p—(p), (6)

where 7 := VS is interpreted as the velocity vector field of the
quantum fluid subject to the influence of the quantum
_1V:p
R
sourced by the density p itself.

Assuming spherical symmetry and time-independence of
density, we use the ansatz for the phase S(t,r)=
Vot + S(r), where r is the radial coordinate, and the
system reduces to the following set of ordinary differential
equations:

potential Q = and the gravitational potential V

1d
—2d—(r2pv) =0, (7)
%UZ+Q+V:VO, (8)
1d (,av\
2dr <” dr> =p—{p) )

where the radial velocity is v := 4. The solitonic core of
structures found in simulations [5 6] in average coincides
with ground state equilibrium solutions constructed assum-
ing v = 0 and asymptotic isolation (p) = 0 as described in
[15], which are equivalent to those in the Schrodinger
frame [8,9]. These solutions are approximated with the
solitonic density profile obtained empirically from structure
formation simulations [5,6]:

r\2]-8
pcore(r> = P0.core |:1 +0.091 <F_> :| s (10)

where V= 0.6922, pg core & 2.9208r7* with r, ~ 1.3073.

Similarly to the construction in [11], we separate the
domain into two regions. For the solution of system (7)—(9)
in the domain r € [0, ., we consider the central core
region r€ 0, r,], r; < rma With the density profile (10),
whereas in the subdomain r € [r,, ry,,| that we call the tail
region, there will be a density profile resulting from a
numerical integration. We call r, the transition radius
between core and tail. Since the core density is prescribed
by Eq. (10), one only has to solve the system (7)—(9) in the
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tail region r € [r;, Fma), which written as a first order
system reads:

Plail = Uil (11)
/ 1,
Uy = 4| Vil + B Vet — Vo | Prail (12)
2t ”t2a11
-t —, (13)
r 2P il
My
{ail = rtzdl ’ (14)
M{ail = rzptailv (15)
S‘{ail = Vil (16)
where /=4 and vy = # is the velocity at the tail

region, with A constant, as suggested by the condition in
Eq. (7). For the integration we impose the following
boundary conditions at the two ends:

Prail (1) = Peore(r1):
Uit (1) = Ucore(71),
Viair(r:) = Veore (1),
Mt (re) = Meore (1),
Suil(r1) = 0.
Mit(Fmax) = Mimaxs

where V.. and M. correspond to the solution of Poisson
equation (9) with density (10). Notice that the spatial part of
the phase S is continuous at r;, but it is not required to be
differentiable, this implies that » in general has a disconti-
nuity at r,. Moreover, the subsystem (11)—(16) is invariant
under the change of sign in the velocity v except by
Eq. (16), this implies that two solutions can be constructed
that satisfy the boundary conditions, one with inward and
another one with outward radial velocity.

We solve these equations using the shooting method with
a fourth-order Runge-Kutta integrator that searches for the
value of A, starting with an initial guess until the condition
M it (Fmax) = Moy is fulfilled within a tolerance. The
results are the radial density profile at the tail, its radial
velocity field and the gravitational potential.

Once the system (11)—(16) has been solved, it is possible
to write down the wave function in the whole core-tail (CT)
domain as follows:

pCOrC(r)e_VOit r< r[

Wer(t, r) & (17)

Voa(De a0y,

Some illustrative examples used as workhorses are the
following. If the transition radius is r; = 3.5r, % 4.58 in
units of the system of equations, a value consistent with
those in [6], assuming three values of the total mass
to be M, =10, 20, 40, and using the domain with
rmax = 100, the shooting parameter converges to the
values A~ =48.61 x 1072, +1.51 x 107!, and 4-2.08 x 10~
respectively.

In order to have an idea of what these three solutions
represent physically, we show a particular example with
units. Coordinates and mass are converted from dimension-
less units into physical units according to the rule:

r — rgr,
t— tgt,
M — MsM, (18)
mgrg h?
where 7y = =~ and My = TGy, Are the scale factors for
BT

time and mass, respectively. These scale factors are
expressed in terms of rg, which is an arbitrarily chosen
length scale factor, mp represents the boson mass, # is
Planck’s constant and G Newton’s gravitational constant.
Other scale factors can be derived from these ones, such as
the density scale factor pg = Mg/ ry and the velocity scale
factor vg = rg/tg.

In order to use typical scales in a galaxy, let us consider a
scale length of rg=1.714 kpc and a boson mass of
mg = 10723 eV/c?. Using these values, the scale factors
for time and mass are fg= 1497 Myr and Mg =
% x 10°M. Additionally, the scale factors for density
and velocity are pg=7.901 x 10’"My/kpc® and vg =
112.0 km/s. Using these particular scale factors for the
three example cases with M., = 10, 20, 40, the transformed
total masses correspond to 4zM,, =5 x 109, 10!,
and 2 x 10"'M, and the core radius takes the value
r. ~2.241 kpc.

In Fig. 1 we show the density profile of these three
representative solutions. The density has the core profile
(10) for r < r,, whereas for r > r, the dotted lines corre-
spond to the solution in the tail zone of Eqgs. (11)—(16). The
density profile shows the typical oscillations of excited
eigenmodes with Z = 0 explored in [13]. The resulting
density profile admits a fitting with the NFW function:

PONFW
p -l(r) = r ) r ’ (19)
tai! E(1+E)2
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FIG. 1. Top: density profile of the solutions with total mass
M . = 10, 20, 40 and r,, = 100. For r < r, the profile is
solitonic. Outside, for r > r,, dotted lines correspond to the
profile obtained for the equilibrium solutions, whereas the solid
lines are the fittings of p.,; using the NFW formula (19) that
better fit the tail region. Bottom: rotation curves corresponding to
the three solutions, where the trend of higher velocity for bigger
mass can be noticed.

where pg .o and R; are free parameters that are specified
individually for each halo, in our case for each core-
tail solution. In the three illustrative cases, the fitting values
in dimensionless units are pg ;= 3.0 x 1072,4.3 x 1072,
5.3 x 1072 and R, = 4.387,4.399, 4.548 for M, = 10,20,
and 40 respectively.

In physical units, for the three specific examples,
the parameters would take the values pg core =2.37 X 109,
3.40x10%,4.19M /kpc?, and R, ~7.519, 7.540, 7.795 kpc,
obtained multiplying by the appropriate factors pg and ryg.
After this parenthesis that illustrate how our core-halo
solutions can be associated to galactic scales, we continue
our discussion in dimensionless units with the three work-
horse solutions illustrated here.

Notice that the matter in the tail region has a finite
velocity given by vy; = %. The resulting solution in the
whole domain is thus a stationary core surrounded by a tail
with a shelled structure (see p in Fig. 1). Unlike in [11,13]
the target of the solution is not the NFW profile, but M.
This is a convenient aspect, because automatically we have
a core-halo mass ratio as a possible target. Concerning the
dependence of the solution on ry,,, since the tail, with its

core

ry=2.5r, o
0.1} ry = 3.0r0
ry=3.5rg -------
0.01} 1§
Q
0.001 |
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FIG. 2. Top: density profile of the solutions with r, = 2.5r,,
3.0r., and 3.5r, for the mass M ,,, = 50. Bottom: rotation curves
of the three solutions. This result indicates that r, does not affect
the tail profile as long as the total mass is the same.

oscillations never becomes zero, then the mass contained in
a volume within spheres of different r,, will be different.
We verified that as long as the mean density is the same for
different r,,,,, the solution is the same. In addition to the
density in Fig. 1, we also show the rotation curve (RC) of
the solutions constructed with the formula

Mcore(r)/r r< rt’

vre(r) = { (20)

My (r)/r  r>r,.

Notice the trend of bigger total mass M, for higher
rotation velocities. These three cases exemplify the effect of
M .« on the density profile and therefore on the rota-
tion curve.

We now look into the effects of the transition radius r,. In
Fig. 2 we show the results of three solutions with
r; = 2.5r.,3.0r., and 3.5r,, an admissible range according
[10,16], and slightly bigger than the 2r, used in [13], while
this time we fix the target total mass to M, = 50
(2.5x 10" Mg in the units conversion example above).
The core density is basically unaffected, whereas the tail
density is different in the shell structure. Since the differ-
ence in the tail density profile is small, rotation curves are
also very similar for the three values of the transition radius.
The results of Figs. 1 and 2 imply that the rotation curves
only depend significantly on the target total mass M., of
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FIG. 3. At the top/bottom we show the real/imaginary part of
the wave function. Notice the nondifferentiability at r, = 3.5r..
for the target mass M ,;(100) = 10. This condition is the result of

joining the core solution in the region r < r, with the tail solution
in the region r > r,.

the system and not on the transition radius r, that separates
core from tail.

Discontinuity of v. The phase S is continuous at r,,
however its derivative is not due to the condition (16). We
show the real and imaginary parts of the wave function of
the solution in Fig. 3, knowing that ¥ = /pe’, where p
and S are the solutions of the system (11)—(16) for the case
with M,;(100) = 10. Tt can be observed that there is a
nondifferentiability at the sphere of radius r, where core
and tail are matched. One would feel tempted to avoid this
problem by manipulating the phase of the wave function of
the solitonic core ¥(r, t) = ey (r), with @ the eigenvalue
of the ground state equilibrium solution [9], and one could
manipulate the phase with an appropriate ¢ so that Im(¥) is
nonzero with the appropriate continuity at » = r,. However
this would automatically imply that the phase S inside the
core is nonzero, and it would mean that the velocity there
would be nonzero as well, which is inconsistent with
stationarity of solitonic solutions [15].

Once we have seen that M, is the most influential
parameter on the solutions, we collect information that
depends on its value. We set r, = 3.5r, and construct a
bundle of solutions for M, € [5,50]. In Fig. 4 we show
the dependency of the constant A as function of the
boundary condition M (rma = 100) = M .., Where the
curve follows a logarithmic profile.

0.25
0.2
0.15
<
0.1}
0.05 .
numerical
ol ‘ fit profile
5 15 25 35 45
M

max

FIG. 4. Constant A as function of M, obtained from the
shooting method and the fitting with a log function.

III. EVOLUTION

As found in [13] for multimode solutions, there is an
intrinsic tension between the assumption of stationarity and
the result of the evolution. In or case, knowing that the
velocity in the tail is nonzero, it is expected that the motion
will affect the properties of the equilibrium solution. For the
study of evolution we interpolate our wave function ¥cr
(17), into a 3D domain, where we solve the fully time-
dependent equations in the Schrodinger frame (1) and (2)
using the code CAFE described in [17,18].

A. Numerical methods for the evolution

The evolution is carried out in a discrete domain described
with ~ Cartesian  coordinates Dy = {(x;,y;.24) €D =
[xmin’xmax} X [ymin’ ymax] X [Zmin’ ZmaxHxi = Xmin + A, Y=
Ymin + J, 2x = Zmin + kh} where i, j,k=0,1,...,N — 1,
h = (Xmax — Xmin)/ (N — 1) is the spatial resolution and N
is the number of points along each spatial direction, whereas
time is discretized with " = nAr where At is the temporal
resolution and n =0,1,...,N, with N, the number of
evolution time steps. The system is evolved using the
Crank-Nicolson time-average, which is written as

1. . 1, .
(1 +21AzH"+1>‘w+1 = (1 —ziAtH">‘P”, (21)

where " =Y¥(1",%¥) and H"=-1V>+V" is the
Hamiltonian operator at time #". For the solution of this
equation, we split kinetic and potential energies in a scheme
called “kick-drift-kick” step splitting:

1 —LiAgynti/2

e — 4y, 22
1+ iArynt1/2 (22)
1 —1iAtk?
Yl = Fol | (P | 23
1+ iArk? ¥ (23)
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1 n+1/2
_ 1 41AtV s (24)

\{erl
1+ JiAryntl/2

where the potential at time ¢" is obtained as

. S [FQEE = ()
Vn = —F 1{ 2 , (25)
where V"*1/2 = (V"1 4-y")/2 and
F{Pn (k) = / P (3)e*F P, (26)
Jall space

is the Fourier transform, F~! its inverse, k the wave number

vector and k = |/2\ its magnitude. The calculation of the
Fourier Transform and its inverse uses the Fast Fourier
Transform (f f¢) and its inverse (if ft), suitable for periodic
boundary conditions that are imposed on functions ¥ and V.
We use a periodic domain because it prevents matter from
escaping to infinity as discussed in [18] and used in [13].

B. Diagnostics

In order to monitor the evolution of the system we
calculate the total mass defined as M = [}, [¥|>d°x, in order
to verify the behavior the of energy, we calculate the kinetic
energy K = —1 [, ¥*V?Wdx and the potential energy
W =1 [, V|¥|*d®x, which are useful to obtain the total
energy K + W and the virilization function 2K + W.

Configurations evolved. We use the same three equi-
librium solutions described above, with M., = 10, 20, 40
and transition radius at r, = 3.5r,, whose density pro-
files are those in Fig. 1. The simulation is carried out in
two spatial domain sizes, small D = [-20,20]® and big
D = [-40,40]°, using spatial resolutions 40/63 and
80/127, respectively. The temporal domain is ¢ € [0, 600]
and time resolution is Af = 0.1 in all cases. We want to
stress the importance of the domain size in this type of
simulations, because its effects are barely discussed. In [18]
we elaborate about the effects of domain size on simu-
lations of various scenarios when using periodic boundary
conditions, chief among them the fact that the matter
outside a core redistributes differently in different domain
sizes. This is why density and interference patterns deve-
loped in the small big domains are necessarily different. We
use two box sizes precisely to demonstrate that average
density and average RCs do not vary significantly.

In order to have an idea of the domain solution in
physical units, for the boson mass and length scale used
above for illustration, small and big numerical domains are
cubic boxes of side 68.56 and 137.12 kpc respectively. The
time domain on the other hand translates 600 dimensional
units into 8.984 Gyr.

In Figs. 5 and 6 we show snapshots of [¥|? at initial time
and r = 600, for the evolution of the three solutions with

FIG. 5.

Snapshots of the density |¥|* at times ¢ = 0 and 600
for the evolution of equilibrium configurations with boundary
conditions M, = 10 (top), 20 (middle), and 40 (bottom)
using transition radius r, =3.5r.. The spatial domain is
D = [-20,20)3.

M .x = 10, 20, 40, illustrating the development of the
system in the small and big domains. The dynamics is
triggered by the initial radial velocity of the matter at the
tail region that perturbs the core and redistributes itself due
to the periodic boundary conditions, which produces the
typical interference observed in simulations of structure
formation simulations and collisions of multiple cores
[5,6,18,19].

In Fig. 7 we present the evolution of some scalars as
function of time, at the left/right we show diagnostics using
the small/big domain. The first row shows evolution of the
mass, which is conserved during the evolution. The second
row displays the total energy as function of time, which
after an initial transient the total energy remains approx-
imately constant over time. The third row depicts the
quantity 2K + W, which is initially zero but then increases
due to the initial transient, then it starts oscillating near
zero, which indicates that the configuration tends to
approach a virialized state again that we call the relaxed
configuration. Finally, the fourth row shows the density at
the origin as function of time, which after the initial
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3

FIG. 6. Snapshots of the mass density at times t = 0 and 600
for the evolution of equilibrium configurations with boundary
conditions M., = 10 (top), 20 (middle), and 40 (bottom) are
shown with transition radius of r, = 3.5r.. The spatial domain is
D = [-40, 403

transient oscillates regularly. The initial transient is due to
the fact that we set the constant A to be positive, thus the tail
velocity points toward the core, which produces an incom-
ing flow, compresses the core initially and the evolution is
followed by the expansion and stabilization around a virial
state. Notice that the bigger the value of M ,,,, the bigger the
amplitude of oscillations of central density and 2K + W.
The reason is that for bigger M, the tail is more massive
and therefore at initial time the momentum transferred to
the core is bigger, which adds a bigger perturbation to the
system.

C. Equilibrium solution vs relaxed solution

1. Density

We investigate the utility of equilibrium configurations
by studying their evolution and assessing how much the
matter distribution deviates from the initial profile. In Fig. 8
we show the density of the equilibrium configurations with

95 200
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8 180 Mnas=10 —
80 = 160 max—
s MroS20 140 a0
70 MM =40
= 'max s
65 120
60
55 100
50
45 80
40 60
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FIG. 7. Scalars monitored during the evolution in the small
domain D = [-20,20]*> (left column) and big domain D =
[—40,40]* (right column). In the first row, the mass as function
of time that shows preservation. In the second row, the total
energy shows an initial transient and afterwards remains approx-
imately constant. In the third row, the quantity 2K + W illustrates
how the system is initially virialized, gets distorted during the
initial transient and later on it oscillated near a virialized state. In
the fourth row the central density shows that initially the
configuration collapses, then expands and approaches a value
close to its initial value.

continuous lines and the average of relaxed configurations
with dashed lines. On the left column the results correspond
to the small domain D = [-20, 20]3, and on the right in the
big domain D = [—40, 40]3. The three rows correspond to
M .x = 10, 20, and 40, respectively. The differences
between the equilibrium and relaxed profiles are greater
for larger M ,,,. This can be explained because according to
Fig. 4, the shooting target constant A is a growing function
of M ,.x, and hence v,; increases as A grows. Moreover,
the bigger the M, the bigger the mass of the tail and
therefore the momentum carried by the tail grows with total
mass and stronger the kick. In the end, the density and
rotation curves of the relaxed configuration deviate more
from the equilibrium solution for larger M.
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FIG. 8. In these plots, continuous/dashed lines correspond to
the density of equilibrium/relaxed configurations. The left
column shows the density when using the small domain
D = [-20,20]*, and the right one displays the results using
the big domain D = [—40, 40]3. The first, second, and third rows
correspond to the cases with M, = 10, 20, and 40, respectively.

2. Rotation curves

We also analyze RCs of equilibrium and relaxed
configurations. Figure 9 displays the rotation curves in
the left column for the small domain and the right column
for the large domain. The top, middle, and bottom panels
correspond to the initial data corresponding to our solutions
with M., = 10, 20, and 40, respectively. The black lines
represent the rotation curve of equilibrium configurations,
whereas the dashed lines are the average in time RCs of the
relaxed configurations. At the bottom we show the relative
deviation between the two. Notice also that the deviation is
bigger for the bigger values of M.

D. Core-halo scaling relation

This relation between various scalars of a configuration
is expressed in a relation between the core mass M., the
total mass of the system, in our case that of the core-tail
system M = M., and the total energy of the system E:

Mcore

= pE*, 27
e _ 27)
where f is some constant, £ = 1‘% (&-)? in physical units,

and E = (4x)? 1‘% in code units. The exponent « has been
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FIG. 9. In these plots, continuous/dashed lines correspond to
the RCs of equilibrium/relaxed configurations. The left column
shows the density when using the small domain D = [-20, 20]?,
and the right one displays the results using the big domain
D = [-40,40]>. The first, second, and third rows correspond to

the cases with M., = 10, 20, and 40, respectively. At the bottom
row we plot the relative difference between the RC for the
equilibrium and relaxed configurations. In physical units, for the
example worked out in the text, one has to multiply vgc by
112 km/s and r by 1.714 kpc.

found to have different values, depending on the method
used to arrive at the core-tail configurations.

The CT solutions constructed in this paper have a scaling
such that @ ~ 1/3 as illustrated in Fig. 10. This behavior is
consistent with the core-halo scaling relation found in [6]
from the collision of many solitons randomly distributed
and consistent also with the collision of many solitons
under specific conditions in [12]; it is also consistent with
the exponent found in [20,21] resulting from the spherical
collapse.

The core-halo scaling relation is expected to change for
the relaxed solution as consequence of the initial kick of the
velocity field of the tail on the core, as seen in Fig. 7.
During the evolution the value of M. changes in time due
to oscillations of the core and M is domain size dependent
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FIG. 10. Core-halo mass scaling relation for a number of
equilibrium solutions, as well as for the relaxed solutions
obtained from the six evolutions we have been working with.
We fit the data with lines indicating that equilibrium configura-
tions scale with @ = 1/3, whereas relaxed solutions decay to a set
that scales with a = 0.54.

because in the small domain [—20, 20]? the portion of M,
that fits within the domain is smaller than the portion in the
big domain [—40,40]°. Analogously, the integration of
energy is also domain size dependent. The results in
Fig. 10 for the relaxed configurations indicate the initial
equilibrium configurations evolve toward a set of configu-
rations that scale with o = 0.54 independently of the domain
size. In order to compare with other analyses, we note that the
range of M./M values in Fig. 10 is within 1072-107!, one
order of magnitude below the studies of multimergers in
[6,12] based on multimerger scenarios, whereas our range
intersects with values for binary merger based studies in [22].
It is also important to note that this « holds for the scaling
relations in, e.g., [6,12,22,23], and is not the exponent of
scaling relations in, e.g., [24], where a ~ 0.5 from SFS, or in
[10], where also a different scaling relation is used.

IV. CONCLUSIONS

We have constructed core-tail solutions of the SP system
with spherical symmetry. The family of solutions is para-
metrized by the total mass of the configuration M.

While the core is stationary, like ground state equilibrium
solutions, the tail has a nonzero velocity. When these

solutions evolve, they evolve and accommodate around a
relaxed configuration that oscillates around a virialized
state. The average density of these relaxed configurations
preserves the core-tail structure although with a devi-
ation from the profile of initial equilibrium solutions.
This deviation is bigger for the bigger total mass of the
system M ..

The motivation to construct these equilibrium solutions
is that they may serve as realistic halo models, simpler than
those constructed with large superposition of modes in [13]
and much simpler than those obtained in SFS. However,
between the initial equilibrium solutions and relaxed
solutions, the latter seem to be the more consistent with
those observed in SFS [24] and multisoliton mergers
[6,19]; unfortunately they need evolution and thus are
not as cheap anymore. This fact restricts the original
optimistic applicability of easy-to-construct large catalogs
of equilibrium solutions that could be used to fit rotation
curves. Nevertheless, equilibrium solutions are similar to
relaxed ones for small M, a regime where equilibrium
solutions can be used due to their similarity to relaxed ones.
In our examples, differences between equilibrium and
relaxed configurations are small for M, as big as 10, a
case where the core-halo mass ratio is of order ~0.2,
namely, scenarios where the tail well dominates over the
core. All cases with smaller M ,,,, include bigger core-halo
mass ratios, meaning that the core dominates and therefore
the influence of the tail is even smaller, which implies
equilibrium and relaxed solutions are even more similar.

Finally, we also study the core-halo scaling relation. We
found that equilibrium solutions scale with exponent
a = 1/3, whereas the sample used to illustrate the evolu-
tion of equilibrium configurations decay into a set that
scales with exponent a = 0.54.

ACKNOWLEDGMENTS

We express our gratitude to J. Luna Zagorac for
providing valuable observations. This research is supported
by grants CIC-UMSNH-4.9 and CONAHCyT Ciencias de
Frontera Grant No. Sinergias/304001. The runs were
carried out in the facilities of the IFM-UMSNH.

[1] Abril Sudrez, Victor H. Robles, and Tonatiuh Matos, A
review on the scalar field/Bose-Einstein condensate dark
matter model, Astrophys. Space Sci. Proc. 38, 107 (2014).

[2] Lam Hui, Wave dark matter, Annu. Rev. Astron. Astrophys.
59, 247 (2021).

[3] Elisa G.M. Ferreira, Ultra-light dark matter, Astron.
Astrophys. Rev. 29, 7 (2021).

[4] Pierre-Henri Chavanis, Self-gravitating Bose-Einstein con-
densates, in Quantum Aspects of Black Holes, edited by
Xavier Calmet (Springer International Publishing, Cham,
2015), pp. 151-194.

[5] Hsi-Yu Schive, Tzihong Chiueh, and Tom Broadhurst,
Cosmic structure as the quantum interference of a coherent
dark wave, Nat. Phys. 10, 496 (2014).

063519-9


https://doi.org/10.1007/978-3-319-02063-1_9
https://doi.org/10.1146/annurev-astro-120920-010024
https://doi.org/10.1146/annurev-astro-120920-010024
https://doi.org/10.1007/s00159-021-00135-6
https://doi.org/10.1007/s00159-021-00135-6
https://doi.org/10.1038/nphys2996

IVAN ALVAREZ-RIOS and FRANCISCO S. GUZMAN

PHYS. REV. D 108, 063519 (2023)

[6] Philip Mocz, Mark Vogelsberger, Victor H. Robles, Jes®s
Zavala, Michael Boylan-Kolchin, Anastasia Fialkov,
and Lars Hernquist, Galaxy formation with BECDM.
Turbulence and relaxation of idealized haloes, Mon. Not.
R. Astron. Soc. 471, 4559 (2017).

[7] Simon May and Volker Springel, Structure formation in
large-volume cosmological simulations of fuzzy dark mat-
ter: Impact of the non-linear dynamics, Mon. Not. R.
Astron. Soc. 506, 2603 (2021).

[8] R. Ruffini and S. Bonazzola, Systems of self-gravitating
particles in general relativity and the concept of an equation
of state, Phys. Rev. 187, 1767 (1969).

[9] E. S. Guzman and L. Arturo Urefia Lopez, Evolution of the
Schrodinger-Newton system for a self-gravitating scalar
field, Phys. Rev. D 69, 124033 (2004).

[10] Hei Yin Jowett Chan, Elisa G. M. Ferreira, Simon May,
Kohei Hayashi, and Masashi Chiba, The diversity of core—
halo structure in the fuzzy dark matter model, Mon. Not. R.
Astron. Soc. 511, 943 (2022).

[11] Shan-Chang Lin, Hsi-Yu Schive, Shing-Kwong Wong, and
Tzihong Chiueh, Self-consistent construction of virialized
wave dark matter halos, Phys. Rev. D 97, 103523 (2018).

[12] J. Luna Zagorac, Emily Kendall, Nikhil Padmanabhan, and
Richard Easther, Soliton formation and the core-halo mass
relation: An eigenstate perspective, Phys. Rev. D 107,
083513 (2023).

[13] Tomer D. Yavetz, Xinyu Li, and Lam Hui, Construction of
wave dark matter halos: Numerical algorithm and analytical
constraints, Phys. Rev. D 105, 023512 (2022).

[14] David Bohm, A suggested interpretation of the quantum
theory in terms of “hidden” variables. I, Phys. Rev. 85, 166
(1952).

[15] Ivan Alvarez-Rios and Francisco S. Guzman, Construc-
tion and evolution of equilibrium configurations of the
Schrodinger—Poisson system in the madelung frame,
Universe 8, 432 (2022).

[16] T. Bernal, L. M. Fernandez-Hernandez, T. Matos, and M. A.
Rodriguez-Meza, Rotation curves of high-resolution LSB
and SPARC galaxies with fuzzy and multistate (ultralight
boson) scalar field dark matter, Mon. Not. R. Astron. Soc.
475, 1447 (2018).

[17] Ivan Alvarez-Rios and Francisco S. Guzmén, Exploration of
simple scenarios involving fuzzy dark matter cores and gas
at local scales, Mon. Not. R. Astron. Soc. 518, 3838 (2022).

[18] Ivan Alvarez-Rios, Francisco S. Guzmdn, and Paul R.
Shapiro, Effect of boundary conditions on structure for-
mation in fuzzy dark matter, Phys. Rev. D 107, 123524
(2023).

[19] Jan Veltmaat, Jens C. Niemeyer, and Bodo Schwabe,
Formation and structure of ultralight bosonic dark matter
halos, Phys. Rev. D 98, 043509 (2018).

[20] Matteo Nori and Marco Baldi, Scaling relations of fuzzy
dark matter haloes I. Individual systems in their cosmo-
logical environment, Mon. Not. R. Astron. Soc. 501, 1539
(2020).

[21] Mattia Mina, David E. Mota, and Hans A. Winther, Solitons
in the dark: First approach to non-linear structure forma-
tion with fuzzy dark matter, Astron. Astrophys. 662, A29
(2022).

[22] Bodo Schwabe, Jens C. Niemeyer, and Jan F. Engels,
Simulations of solitonic core mergers in ultralight axion
dark matter cosmologies, Phys. Rev. D 94, 043513 (2016).

[23] Luis E. Padilla, Tanja Rindler-Daller, Paul R. Shapiro,
Tonatiuh Matos, and J. Alberto Vazquez, Core-halo mass
relation in scalar field dark matter models and its conse-
quences for the formation of supermassive black holes,
Phys. Rev. D 103, 063012 (2021).

[24] Hsi-Yu Schive, Ming-Hsuan Liao, Tak-Pong Woo, Shing-
Kwong Wong, Tzihong Chiueh, Tom Broadhurst, and W. Y.
Pauchy Hwang, Understanding the Core-Halo Relation of
Quantum Wave Dark Matter from 3D Simulations, Phys.
Rev. Lett. 113, 261302 (2014).

063519-10


https://doi.org/10.1093/mnras/stx1887
https://doi.org/10.1093/mnras/stx1887
https://doi.org/10.1093/mnras/stab1764
https://doi.org/10.1093/mnras/stab1764
https://doi.org/10.1103/PhysRev.187.1767
https://doi.org/10.1103/PhysRevD.69.124033
https://doi.org/10.1093/mnras/stac063
https://doi.org/10.1093/mnras/stac063
https://doi.org/10.1103/PhysRevD.97.103523
https://doi.org/10.1103/PhysRevD.107.083513
https://doi.org/10.1103/PhysRevD.107.083513
https://doi.org/10.1103/PhysRevD.105.023512
https://doi.org/10.1103/PhysRev.85.166
https://doi.org/10.1103/PhysRev.85.166
https://doi.org/10.3390/universe8080432
https://doi.org/10.1093/mnras/stx3208
https://doi.org/10.1093/mnras/stx3208
https://doi.org/10.1093/mnras/stac3395
https://doi.org/10.1103/PhysRevD.107.123524
https://doi.org/10.1103/PhysRevD.107.123524
https://doi.org/10.1103/PhysRevD.98.043509
https://doi.org/10.1093/mnras/staa3772
https://doi.org/10.1093/mnras/staa3772
https://doi.org/10.1051/0004-6361/202038876
https://doi.org/10.1051/0004-6361/202038876
https://doi.org/10.1103/PhysRevD.94.043513
https://doi.org/10.1103/PhysRevD.103.063012
https://doi.org/10.1103/PhysRevLett.113.261302
https://doi.org/10.1103/PhysRevLett.113.261302

