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Simulations of multifield ultralight axionlike dark matter
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As constraints on ultralight axionlike particles (ALPs) tighten, models with multiple species of ultralight
ALP are of increasing interest. We perform simulations of two-ALP models with particles in the currently
supported range of plausible masses. The code we modified, Ultrapark.jl, not only allows for multiple
species of ultralight ALP with different masses, but also different self-interactions and interfield
interactions. This allows us to perform the first three-dimensional simulations of two-field ALPs with
self-interactions and interfield interactions. Our simulations show that having multiple species and
interactions introduces different phenomenological effects as compared to a single field, noninteracting
scenarios. In particular, we explore the dynamics of solitons. Interacting multispecies ultralight dark matter
has different equilibrium density profiles as compared to single-species and/or noninteracting ultralight
ALPs. As seen in earlier work, attractive interactions tend to contract the density profile while repulsive
interactions spread out the density profile. We also explore collisions between solitons comprised of
distinct axion species. We observe a lack of interference patterns in such collisions, and that resulting

densities depend on the relative masses of the ALPs and their interactions.
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I. INTRODUCTION

There is strong evidence that approximately 85% of the
matter in the Universe is practically invisible, so far only
detected through its gravitational effects on luminous
matter [1-5]. The nature of this dark matter is a matter
of open investigation.

One such proposal is the QCD axion, a particle intro-
duced to resolve the strong CP problem through the Pecci-
Quinn mechanism [6,7]. These scalar particles have a mass
of 107'1-10° eV for the QCD to be dark matter. The QCD
axion can be generalized to a class of axionlike particles
(ALPs). Among these these is fuzzy dark matter (FDM), a
form of dark matter whose constituent particles have a mass
of ~10722 eV [8-10]. This means that its de Broglie
wavelength is very large and the small scale structure of
dark matter halos is different from that expected from more
massive particles.

Recent work has argued that a lack of observed gravi-
tational heating in ultrafaint dwarf galaxies constrains the
dark matter particle mass to m > 3 x 10719 eV [11]. This
constraint relies on an assumption that Segue 1 and Segue 2
are representative of other galaxies, and that a single FDM
species comprises a majority of the dark matter. The
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inclusion of multiple species of ultralight particle signifi-
cantly reduces the expected gravitational heating [12].

Ultralight axions (ULAs) are an extension of FDM
models that include interactions. Some have considered
the effects of self-interactions on such ultralight scalar
models [13-18]. Although constraints in the single-field
scenario predict the self-interaction strength be very small,
it should not be ignored since the phase-space density of
axions in these systems is extremely large [15,19].

Another common assumption is that a particular dark
matter model accounts for all—or at least a significant
fraction—of the dark matter in the Universe. Thus far, most
work on ALPs not only assumes that the ALP comprises a
significant portion of the dark matter, the ALP itself is
comprised of a single species. However, the assumption of
a single field should be considered a toy model. The generic
prediction from string theory is of an “axiverse” of
ALPs [20]. In such a scenario, there would be a multiple
ALPs with a hierarchy of masses; we use the term ““species”
or “field” to refer to these different ALPs.

Recent work has begun to explore this part of theory
space. In [21], the authors examine stable time-independent
solitonic solutions of multifield models and argue that the
existence of axion fields with multiple masses is a plausible
explanation for observed dark matter substructure. The
properties of such nested solitons have been further studied
in [22], with the addition of self-interactions. In [23], the
authors studied closely related multifield boson stars,
solving numerically for equilibrium solutions. In the recent
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paper [12], the authors simulate multifield ULDM halos
and find that introducing more particle species smooths out
outer halo profile.

Not only could each of these fields have self-interactions,
there is the possibility of interfield interactions. Interactions
between the multiple fields opens up a range of novel
phenomenologies. In [24], the authors say that higher order
repulsive self-interaction terms may stabilize solitons from
collapsing into black holes when they have lower order
attractive self-interactions [25]. In single field models with
attractive self-interactions, there is a maximum mass a
soliton can have without collapsing into a black hole or
becoming an axinova [14,26]. Repulsive interfield inter-
actions may remove such instabilities in nested solitons
with attractive self-interactions. Interactions between axi-
ons in the early Universe can also lead to transfers of energy
between species [27,28]. Interactions between axions and
other scalar ultralight fields such as dilatons in the early can
also affect dark matter abundances [29].

There have been a number of recent papers on structure
formation and soliton condensation in single field FDM
models [30-33]. Structure formation in the axiverse is
likely distinct from what is described in recent papers on
structure formation and soliton condensation in single field
FDM models. These papers have examined the timescales
required for the condensation of stable configurations from
an incoherent FDM field. This process would be signifi-
cantly altered by the existence of multiple fields. In the
most extreme case, multiple fields with repulsive inter-
actions may even be partitioned early in structure forma-
tion, leading to different dark matter species in different
galaxies. This would have an effect on, for example,
rotation curves and strong gravitational lensing.

Multicomponent dark matter would have an appreciable
affect on gravitational lensing observables. Relative time
delays of strongly lensed systems are used to measure H,
the expansion rate of the Universe [34—37]. Recent work
has explored the systematic uncertainties in these mea-
surements due to a mass-sheet degeneracy [38-41]. In
particular, a m ~ 1073 eV particle comprising ~10% of
the dark matter could have a significant effect on the
inferred H,, highlighting the relevance of multispecies
models [40]. Recent work has explored the possibility of
higher-spin ultralight bosonic dark matter and has shown
that it can have similar phenomenology to ultralight ALPs
[42—44]. In fact, it has been shown that in the non-
relativistic, noninteracting limit, a single spin-s field is
indistinguishable from a set of 2s 41 scalar fields of
identical mass [42].

In this paper we present the first three-dimensional
simulations of two-field ALP models with self-interactions
and interfield interactions. We use these simulations to
study the stability of nested solitons and collisions between
two solitons made from different bosonic fields. We
consider two axionlike fields with masses in the currently

supported range [45]. We also use different combinations of
attractive and repulsive self-interactions and interfield
interactions. Although it is straightforward to extend these
simulations to more than two fields, this paper will focus
only on two-field simulations.

This paper is structured as follows: In Sec. II we present
the Lagrangian, associated equations of motion, and con-
served energy. In Sec. III we discuss the implementation in
code. In Sec. IV we discuss multiaxion solitons and show
their stability in said code. In Sec. V we present collisions
between solitons in one- and two-field simulations, and
show that there are qualitative differences between them.

II. EQUATIONS OF MOTION

We assume N scalar particles with Lagrangian density

1
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where the indices j and k run over the N fields considered.
The first term describes N free fields with masses m;,
while the second term describes interactions between them.
The symmetric matrix Aj contains interaction constants;
the diagonal elements parametrize self-interactions and the
off-diagonal elements parametrize interfield interactions.
Positive terms correspond to repulsive interactions and
negative to attractive interactions.

The corresponding equations of motion for each field ¢;
are
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In the Newtonian limit the equations of motion for the N
fields reduce to coupled Klein-Gordon equations with self-
interacting potentials,

= i = V2 + mi; + 4} + 2> At} (3)
J#k

In the nonrelativistic limit, each of the Klein-Gordon fields
¢; can be rewritten in terms of a complex scalar field y/; in
the form

1
V2m

and Eq. (3) reduces to N coupled Gross-Pitaevskii-Poisson
(GPP) equations
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where @ is the gravitational potential. The first three terms
on the right-hand side of Eq. (5) are those of a single self-
interacting field; see [13—15] for prior analysis. The last
term describes interfield interactions. The fields are also
coupled by Eq. (6), the Poisson equation describing
gravitational interactions between the fields.

The matter density of each is equal to the modulus
squared of the corresponding field,

pj = lw;l*. (7)

When all the masses m; are identical and there are no
interactions, there is a degeneracy. In this case, Egs. (5) and
(6) can alternatively be interpreted as the nonrelativistic
equations of motion for an integer spin-s field [42,43]. This
is the case when N < 2s + 1. The fields y; correspond to
the components in a polarization basis. In the noninteract-
ing case each polarization state is conserved separately, and
so N < 25 + 1 fields can be used to model a subset of the
polarization states, assuming that the others have negligible
matter content. The case with N = 2, m; = m,, and A =0
can be interpreted as a single complex field.

The Lagrangian density giving rise to the equations of
motion (5), (6) is
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Note that at the level of the effective Lagrangian, there is no
interference term between two different fields. Varying this
Lagrangian density with respect to y*, w, and ®, gives
Eq. (5), the conjugate of Eq. (5), and Eq. (6), respectively.
From this we can derive the corresponding conserved
energy,
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where the gravitational potential energy is defined in the
usual way,

1
Egrav :Eq);h//jp (11)
The sum of the kinetic and “quantum”1 energy is
1
Exq = —EZV/;(VZV//')- (12)
J

The energy due to self-interactions in field j is

Eself-int.j = /1jj|l//j|4’ (13)

and the energy due to interactions between species j
and k is

Eint,j,k = Ajk|l//k|2|l//j|2‘ (14)

1. IMPLEMENTATION

We use a modified version of Ultrapark.jl to simulate
the dynamics of multifield ALPs [47).2 Ultrapark.jl is a
pseudospectral solver of the GPP equations, previously
used to simulate the dynamics of self-interacting fuzzy dark
matter [15] and vortices in scalar dark matter [48]. We have
extended it to simulate multiple fields and their self-
interactions.

It is convenient to rewrite Eqgs. (5) and (6) in code units,
as in Refs. [13,15,49]. As defined elsewhere, these units
depend on the mass of the (single) field. We adapt them to
use with multiple fields by writing all masses with
reference to a mass my; typically my = O(m;) where m;
is the first field’s particle mass. These units are

8zh?  \i 1072 eV 2
= (32”72> z121(7e> kpe,  (15)
mOHOQmo mo
87 \:
0=“m

and
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-23 3
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my

(17)

'Note that the “quantum” energy does not in fact have a
quantum origin [46].
2https://github.com/musoke/UltraDark.jl.
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Then equations of motion are
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where the interaction coefficients are written as
h2
ANy =—aF——1; 20
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In the present work we are concerned with the particular
case of N = 2 fields, but extending the code to N > 3 fields
is straightforward. The memory requirements are roughly
linear in the number of fields. The computational com-
plexity of each time step is roughly O(N?) with interfield
interactions, O(N) without.

The primary constraint on extending to more fields is the
range of length scales that must be resolved. Each field y;
has characteristic length scales roughly proportional to
1/m;. Resolving these simultaneously can become chal-
lenging when there is a large spread of particle masses. The
resolution must be high enough to resolve details on the
smallest length scales and the box must be large enough to
accommodate the larger length scales. The combination of
a large simulation box with a fine resolution makes for very
high computational costs.

IV. MULTIFIELD SOLITONS

The GPP equations have stationary solutions called
solitons. These have been studied in great detail in both
boson stars and single field FDM [50-52]. They condense
out of incoherent initial conditions [30,31]. Simulations
indicate that solitons inhabit the centers of FDM
halos [32,53].

In this paper, we use the term “soliton” to refer to the
localized, spherically symmetric, static Bose-Einstein
condensates of ALPs, possibly comprised of multiple
species. In most ULA dark matter models, solitons com-
prise the centers of dark matter halos that are surrounded by
an incoherent outer region that is well described as a
Navarro-Frenk-White (NFW; [54]) profile [51,55]. Dark
matter solitons in ULA models have been studied in
detail [9,56,57].

We use solitons as initial conditions in our simulations.
To find these stable solitonic solutions with self-
interactions and interfield interactions, we follow a pro-
cedure similar to that used for noninteracting single species

solitons in [49,58]. Other procedures exist, see for example
Ref. [23]. We assume two scalar fields y; and y, and
impose spherical symmetry of y; and time independence

of [wil,

wy = ePif(r) (21)
wa = el fo(r) (22)
D - ¢(r). (23)

Combining these Ansdtze with Egs. (5) and (6), we find that
the density profiles f;(r) and gravitational potential must
be solutions to the differential equations

fitn==21n+ ( ) ()

i
@t (2

1) =-210) +2(2—3) P(f2(1)

)Aufz A0, (24)

H( >A22f2() (%)Auf%(r)fz(r), (25)

s (2) 70+ (2) 720 2000, 26)

where @;(r) =

#'(r) =

Gui)(@(r) + p;) are rescaled gravitational

Gi@1(r) = (G)@3(r) and
( 1;’)47)’2( r) so the last equation can be

potentials. Note that ¢ (r) =

@' (r) = GHay(r) =
written in terms of derivatives of either @, or @,.

Not all solutions to these equations are solitons. Most of
them have lim,_, o, f(r) = foo; these solutions have infin-
ite mass. In order to find physical solutions, one must
choose sensible initial conditions f;(0), £7(0), ¢(r), ¢'(0).
In every case we consider, f’(0) = ¢'(0) = 0. This is
because we assume the soliton is in its ground state, with
a local maximum at r = 0. The central densities f;(0) are
set by the desired soliton mass. To find suitable values for
@, and ¢,, we search for those for which

lim f(r) = 0 (27)
and f(r) has no nodes. Our algorithm uses a modified
shooting method to find such solutions for 0.1 < m;/m, <
10 and |A;] <1

In Fig. 1, we show profiles for solitons comprised of two
fields, when the particle mass of each field is the same but
they have differing self-interactions and interfield inter-
actions. Since we generated the initial profiles assuming the
central density is the same in each profile, the cores of the
solitons look similar. The differences in the profiles exist
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FIG. 1. Soliton profiles with m; = m, = m,. The solid lines
represent the profile of the first solitonic field and the dashed line
represents the second. One can see slight variations in in the
initial profiles for different values of self-interactions and inter-
field interactions. The profiles are wider when there are repulsive
self-interactions and interfield interactions, and narrower when
the self-interactions and interfield interactions are attractive.

mostly in the outer regions of the solitons. As expected,
introducing attractive interactions with A;; < 0 causes the
equilibrium soliton to contract; repulsive interactions
with A;; > 0 cause it to expand. While these differences
appear subtle, if we were to assume an equilibrium profile
with no self-interactions, we would see significant oscil-
lations in supposedly static solutions (approximately 5%
of the peak density) when there are attractive or repulsive
self-interactions.

We used the resulting soliton solutions to evaluate the
correctness of our multifield modifications to Ultrapark.jl.
We initialized profiles with a variety of particle mass ratios,
self-interactions, and interfield interactions and evolved
them forward to see if they were in fact equilibrium
solutions. For all the initial profiles, we assume that the
central densities are f;(0) = 1.0 and f,(0) = 0.2; this ratio
is chosen such that each field provides a significant but
distinct contribution.

£ 1.0075

[

e}
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< 1.0025
T T T T
0 10 20 30

t (Gyr)

Interaction Strengths
- A11:A22:A12:0
— Ay =Ay=-0.25 A,=025

FIG. 2. Evolution of the maximum density of solitons over
35 Gyr. The blue curve has no self- or interspecies interactions.
The red curve has attractive self-interactions (A;; = Ay, = —0.25)
and repulsive interspecies interactions. In each case, the particle
masses are m, = 2m, = my. The variation in the maximum density
is about 0.5% over the duration of the simulation.

Figures 2 and 3 shows representative tests that solitons
are equilibria. There are two cases shown: one with no
self-interactions (A;; = 0) and one with attractive self-
interactions (Aj; = Ay = —0.25) and repulsive interspe-
cies interactions (A1, = 0.25). Both have m; = 2m, = my,.
Figure 2 shows how the central density of the overlapping
solitons changes over time. This figure shows that the
oscillations in the profile are small, meaning the profile we

0.01

0.00

po(r) — pAr)
po(T)

-0.01

T T T
1 2 3
r (code units)

Interaction Strengths
— Ay =Ap=A,=00
— A=Ay, =-0.25, A;,=0.25

FIG. 3. The relative difference between the initial density
profile and the density profile after 35 Gyr in the same
simulations as Fig. 2. We only see percent-level deviations from
the initial profiles through the central parts of the system in both
the noninteracting and interacting cases. There are larger devia-
tions in the outer regions due to boundary effects. However, since
the density is much lower in the outer regions compared to the
central region, the stability of the soliton is not compromised.
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T
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FIG. 4. The energy components (left) and energy residuals (right) of a sample simulation. In these simulations, m; = 2m, = m,
Ay = Ay = —0.25, and A, = Ay = 0.25. The duration of the simulation is 35 Gyr. Here, E;, is the energy components of the self-
interactions and interfield interactions combined and Exq, is the sum of kinetic and “‘quantum” energies. There is no noticeable change in

the energy components over the course of the simulation.

initialize is very close to equilibrium and the code preserves
it. Figure 3 shows the fractional change in the density
profiles after the soliton has evolved forward for 35 Gyr.
Note that the amplitude in Fig. 3 depends on the time when
you measure the density profile, but 35 Gyr is represen-
tative. This figure shows that there are only slight devia-
tions from the initial density profile even after a significant
amount of time has passed. The largest relative deviations
are in the low-density exterior of the soliton. This is largely
due to the periodic boundary conditions: the soliton feels
gravitational forces due to neighboring boxes.

In Fig. 4, we show how the energy components evolve
over time for a setup where m; = 2m, = m, there are
attractive self-interactions with A;; = Ay, = —0.25, and
repulsive interfield interactions with A, = Ay = 0.25.
The energy components are each conserved over the
duration of 35 Gyr, further indicating that the soliton is
near equilibrium. We see the same stability in simulations
with different particle mass ratios, self-interactions, and
interfield interactions.

V. COLLISIONS BETWEEN SOLITONS

Collisions between solitons in single field FDM are well
studied [13,42,49,55,59,60]. Binary collisions have been
used to study the basic dynamics of FDM fields and
demonstrate effects such as self-interactions. Mergers of
larger numbers of solitons have been used as a proxy for
halo formation through hierarchical mergers [52,55,59].

We continue this tradition of using soliton dynamics to
elucidate properties of FDMin an effort to simplify com-
parisons between plots in the following scenarios, we
look at the effects of each of multicomponent ALPS’
properties separately: multiple species, distinct particle
masses m; for each species, and interspecies interactions
A. In each scenario the initial conditions contain two
solitons, each composed of a single species and, unless
otherwise specified, phase difference ¢ = 0. The scenarios
have some common parameters: the solitons start 4L apart,

with velocities v = —v, = 2L/7. There are two general
classes of collisions: those in which the solitons are
gravitationally bound and unbound. In the unbound sce-
narios, the mass of each soliton is 5M. In the bound
scenarios, the mass of each soliton is 10M. These
parameters were chosen to capture a wide variety of
phenomena, rather than correspond to a specific physical
scenario, and are summarized in Table I. For clarity, each
set of snapshots is cropped to the interior of the box; see the
linked animations for uncropped versions.’

One of the most distinctive FDM effects is inter-
ference [62], which can manifest when solitons overlap
during collisions. In the collision of same-species solitons,
their wavelike nature shows up as a distinctive interference
pattern in the density when they overlap [59],

w(x,1) = A (|x + &) ekx/2torte/2)
+ A2(|x _ )Acl)ei(—kx/2+wt—¢/2). (28)

Here, £ are the starting positions of the solitons, (A;)? and
(A,)? are the density profiles of the solitons, ¢ is the
relative phase between the solitons, and k = mv)/h is
the wave number associated with the relative velocity of the
solitons. This does not happen when the two solitons are
comprised of different FDM species; their densities are
added rather than their wave functions. This means that
collisions between solitons consisting of a single species
are necessarily different from collisions between solitons
comprised of different species. Jain et al. [42] showed that
the analogous collisions between solitons in distinct polar-
ized states are a potential signature of higher-spin ultralight
dark matter: unless the solitons are fine-tuned, the density
during collisions between solitons is dependent on whether
they are comprised of the same field and/or polarization.

3https://Www.youtube.com/playlist?list:PLHrfOiQSSSYS—
pjTrIWMDfel GTEvd4810, also archived at https://doi.org/
10.5281/zenodo.7675774 [61].
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TABLE 1. Summary of parameters in numerical experiments
performed. When N = 1, both solitons have the same field; when
N = 2, then each initial soliton has a different field. The ratio of
particle masses is m;/m,. The initial solitons have masses M.
The interspecies interaction strength is given by A, and the
phase difference by |¢|. Also indicated are the figures in which a
given scenario is plotted.

N my/m, M; A 9] Figure

1 1 SM 0 0 5

2 1 SM 0 0 5,9, 10, 11
1 1 SM 0 T 6

2 1 SM 0 T 6

1 1 10M 0 0 7,8

2 1 10M 0 0 7,8

2 0.9 SM 0 0 9

2 1 SM 10 0 10

2 1 SM -1 0 11

Figure 5 demonstrates this difference in interference
effects collisions between unbound solitons with phase
difference ¢ = 0. In one scenario, on the left, both solitons
are comprised of the y; field. In the other scenario, one
soliton is comprised purely of the y, field, and the other of
the y, field with m; = m,. Both cases have no self-
interactions: A = 0. In each case, the solitons pass through
each other with some deformation, the form of which
depends on whether they are comprised of the same
species. There are clear interference fringes when the
solitons are comprised of the same species. This interfer-
ence does not happen if the solitons consist of distinct
species. Instead, the deformations of the solitons during the
collision are entirely due to gravitational interactions.

A relative phase of ¢ = z between solitons can cause
them to bounce off one another during collisions, rather
than passing through one another or merging [13,49]. This
can be viewed as an extreme case of the interference
discussed above. As above, different species do not
interfere with each other, and so this does not occur in
collisions between solitons comprised of different species.
We demonstrate this difference between single- and multi-
species FDM in Fig. 6. Because the phases are exactly
opposite, the density vanishes in the x = 0 plane separating
the solitons in the single species case. In contrast, the
density in the two species case is identical to when the
phases are equal.

Figure 7 contrasts the results of colliding bound solitons.
As above, one case has both solitons comprised of the y,
field. The other case has a soliton from each of the y; and
v, fields with m; = m, and 1 = 0. The solitons merge to
form a core surrounded by an NFW-like skirt and some
mass is ejected. The details of the merger depend on factors
including their relative masses, velocities, and phases and
self-interactions in the field. As in the unbound scenario,
the single field solitons display distinct interference fringes

when they overlap. However, there is a difference: the dark
matter halos in the end state of the merger have different
density profiles. In Fig. 8, we show that the resulting
density profile is less peaked in the two-field scenario. This
is consistent with the findings that the density field of
multispecies FDM is smoother [12] and that collisions of
vector dark matter solitons result in less dense cores than
their scalar dark matter counterparts [43]. The evolution of
the energy components is also different: the single species
takes longer to dissipate kinetic energy.

Next we examine collisions between solitons whose
constituent particles have unequal mass. For simplicity of
illustration, we assume the masses are not extremely
different. Figure 9 shows a comparison between a collision
between solitons with m; = m,, and a collision with
m, = m; X 0.9. Note that although the central density of
the y, soliton is significantly lower than that of the v
soliton, they contain equal total masses. The y, soliton is
comprised of particles with a larger de Broglie wavelength,
and so has a larger characteristic radius. This introduces
larger radial distortions in the solitons, than when
m; = m,. This relatively small difference in particle mass
is also sufficient to introduce an offset in the soliton
position along the x axis, relative to the equal-mass case.
A larger difference in ALP masses will enhance these
differences in collision dynamics.

In Fig. 10 we compare collisions between solitons with
no interactions (A;; =0) and with strongly repulsive
interspecies interactions Aj, = 10. Repulsive interactions
suppress the density of the solitons immediately after the
collision, as compared to collisions with A, = 0. We are
not aware of a scenario where this happens in collisions of
single field ALPs. When the repulsive interspecies inter-
action is strong enough, there is another qualitative differ-
ence from collisions with A = 0: instead of passing through
each other with perturbations, the solitons are split. In
Fig. 11 we compare collisions between solitons with no
interactions (A;; = 0) and with strongly attractive inter-
species interactions Aj, = —1. The density peak at the
midpoint between the solitons is larger than when there are
no interspecies interactions. The maximum density during
the collision is also increased from 7.5 to 8.9M /L3, For
strong enough attractive self-interactions, an otherwise
unbound system becomes bound.

VI. DISCUSSION

We have taken initial steps to simulate the dynamics of
self- and interspecies interacting multispecies models of
FDM. These models are motivated by the “axiverse”
conjecture, in which there are numerous axionlike particles,
each with its own mass and self-interactions [20]. These are
also applicable to spin-s FDM models, in which each the
field can be decomposed into 2s + 1 fields. We have
verified the integrity of our code by finding stable equi-
librium solutions when there are multiple fields with
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FIG.5. Snapshots of a collision between a pair of unbound solitons with identical phases. Left: both solitons are in one field. Right: the
solitons are in distinct fields with m; = m,. Middle: density along the axis of the collision for the one species collision in solid blue and
two species collision in dashed orange. One can see that in the case with one species, the solitons interfere when they overlap. In the case
with solitons comprised of different species, they do not interfere as they pass through each other. This is a qualitative difference between
one- and two-species ALPs. See Ref. [63] for an animation.
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FIG. 6. Snapshots of a collision between a pair of unbound solitons a phase difference of z. Left: both solitons are in one field. Right:
the solitons are in distinct fields with m; = m,. Middle: density along the axis of the collision for the one (two) species collision in solid
blue (dashed orange). One can see that in the case with one species, interference means that the density at the x = 0 plane between the
solitons is always a local minimum. In the case with solitons comprised of different fields, they do not interfere and there is instead a
maximum at the midpoint when they pass through each other. See Ref. [63] for an animation.
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FIG. 7. Snapshots of collisions between gravitationally bound solitons in one- and two-species scenarios. Left: density slices in single
field collision. Middle: density along line through axis of collision for one (solid blue) and two (dashed orange) fields. Right: density
slices in two field collision. The one-field scenario shows interference fringes and a more sharply peaked core in the end state. See

Ref. [63] for an animation.
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FIG. 8. Results of colliding two equal mass solitons from the same and different species, as in Fig. 7. Top left: spherically averaged
density profiles of the one-species (solid blue) and two-species (dashed orange) cases, time averaged over the end of the simulation. The
single species profile is more sharply peaked. Top right: maximum density as a function of time. Although both scenarios have
significant oscillations in the density, the two-species scenario has a smaller amplitude. Bottom: time series of the energy for the same
pair of simulations. The single-species merger has more kinetic energy after the collision.

different masses and interaction strengths. We have made
an exploratory study of binary collisions with different
combinations of soliton phases, soliton masses, particle
masses, and interaction strengths.

It is important to note that the collision scenarios we have
discussed in this paper are highly idealized, and in the real
world, collisions are more complex. First, FDM solitons are
not expected to be in zero background density regions; after

initial condensation they would be surrounded by a nearly
homogeneous background density and later they may have
NFW-like tails. Second, we have little reason to believe that
multifield ALPs would form solitons or halos comprised
purely of a single field. The multifield nature could still
show up in collisions. For example, the phases of fields in a
halo do not have to be correlated. This could lead to one
species being ejected during a merger while others are not,
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FIG. 9. Snapshots of collisions between pairs of unbound solitons. Left: the solitons have distinct constituent species with m; = m,.
Right: the solitons have distinct constituent species. The soliton initially on the left (right) is composed of particles with mass m;
(m, = 0.9 x m,). The lighter particle has a longer characteristic wavelength, so an equal mass soliton is more extended. Middle: density
along the axis of the collision, corresponding to the left and right columns in solid blue and dashed orange, respectively. One can see
that, in the case with m; # m,, there is greater asymmetry in the end state of the collision. See Ref. [63] for an animation.
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FIG. 10. Snapshots of collisions between pairs of unbound solitons. Left: the solitons have different constituent fields, with m; = m,
and A = 0. Right: the solitons are in distinct fields with m; = m,. There is a repulsive interspecies interaction with A, = 10. Middle:
density along the axis of the collision, corresponding to the left and right columns in solid blue and dashed orange, respectively. The
solitons with A, = 10 have strongly repulsive interfield interactions. Instead of passing through each other with small perturbations,
they are split into two components and their peak density is greatly suppressed after the collision. See Ref. [63] for an animation.
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FIG. 11. Snapshots of collisions between pairs of unbound solitons. Left: the solitons have different constituent fields, with m; = m,
and A = 0. Right: the solitons are in distinct fields with m; = m,. There is a attractive interspecies interaction with A, = —1. Middle:
density along the axis of the collision, corresponding to the left and right columns in solid blue and dashed orange, respectively. The
solitons with A, = —1 have strongly attractive interfield interactions. The peak between the solitons in the end state is enhanced by
attractive interactions. See Ref. [63] for an animation.
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resulting in a halo with a deficiency or surplus of a single
species.

There are a variety of future directions to be explored. The
most obvious is the generalization of these simulations from
two to three and more FDM species. Simulations of three
FDM species would allow more direct comparisons with
spin-1 fields [42-44]. Other directions for immediate future
work would further explore the dynamics of two fields.

Structure formation and the initial condensation of
solitons is different when dark matter is comprised of
multiple species of ultralight particle. In Ref. [12], the
authors found that as multiple axion fields evolved without
self-interactions or interfield interactions, the fields showed
little correlation. It would be interesting to see how this
changes when there are nonzero interfield interactions.
Likewise, structure formation and soliton condensation in
the presence of multiple fields has the potential to be quite
different from a single field. Repulsive interfield inter-
actions raise the possibility that the fields separate during
the initial condensation process, leading to an inhomo-
geneous distribution of dark matter species. This effect
would leave an imprint in large scale structure, implying
constraints on repulsive interfield interactions.

There are numerous unexplored avenues for multifield
solitons. We will generalize our algorithm for generating
equilibrium profiles to allow for larger values of particle

mass ratios m;/m,, as well as to allow for greater self-
interaction and interfield interaction strengths. There are
also more complex soliton interactions and collisions to be
explored. In this work, we have not explored collisions
between solitons that are initially comprised of multiple
fields. We can also explore collisions with nonzero impact
parameters or collisions with more than two solitons. We
hope that future work on this topic will lead to insight on
the validity of the axiverse hypothesis.

ACKNOWLEDGMENTS

We would like thank Arka Banerjee, David Cyncynates,
Neal Dalal, Richard Easther, Ethan Nadler, Mark Neyrinck,
Olivier Simon, L. C. R. Wijewardhana, and Luna Zagorac
for helpful discussions. We would also like to thank the
custodial and administrative staff at the University of New
Hampshire including Katie Makem-Boucher and Michelle
Mancini. Computations were performed on Marvin, a Cray
CS500 supercomputer at UNH supported by the NSF MRI
program under Grant No. AGS-1919310. This work was
performed in part at Aspen Center for Physics, which is
supported by National Science Foundation under Grant
No. PHY-1607611. N. G.’s participation was supported in
part by the National Science Foundation under Grant
No. 1929080.

[1] P. A.R. Ade et al. (Planck), Astron. Astrophys. 594, A13

(2016)

[2] G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005).

[3] G. Bertone and D. Hooper, Rev. Mod. Phys. 90, 045002
(2018).

[4] K. Freese, EAS Publ. Ser. 36, 113 (2009).
[5] S. Chabanier, M. Millea, and N. Palanque-Delabrouille,
Mon. Not. R. Astron. Soc. 489, 2247 (2019).
[6] M. Dine, W. Fischler, and M. Srednicki, Phys. Lett. B 104,
199 (1981).
[7]1 A. Drlica-Wagner et al., arXiv:2209.08215.
[8] W. Hu, R. Barkana, and A. Gruzinov, Phys. Rev. Lett. 85,
1158 (2000).
[9] L. Hui, J. P. Ostriker, S. Tremaine, and E. Witten, Phys. Rev.
D 95, 043541 (2017).
[10] A. Ringwald, Phys. Dark Univ. 1, 116 (2012).
[11] N. Dalal and A. Kravtsov, arXiv:2203.05750.
[12] M. Gosenca, A. Eberhardt, Y. Wang, B. Eggemeier, E.
Kendall, J. L. Zagorac, and R. Easther, arXiv:2301.07114.
[13] N. Glennon and C. Prescod-Weinstein, Phys. Rev. D 104,
083532 (2021).
[14] P.-H. Chavanis, Phys. Rev. D 94, 083007 (2016).

[15] N. Glennon, E.O. Nadler, N. Musoke, A. Banerjee, C.
Prescod-Weinstein, and R. H. Wechsler, Phys. Rev. D 105,
123540 (2022).

[16] J. Fan, Phys. Dark Universe 14, 84 (2016).

[17] C. Unal, F. Pacucci, and A. Loeb, J. Cosmol. Astropart.
Phys. 05 (2021) 007.

[18] S. Chakrabarti, B. Dave, K. Dutta, and G. Goswami,
J. Cosmol. Astropart. Phys. 09 (2022) 074.

[19] V. Desjacques, A. Kehagias, and A. Riotto, Phys. Rev. D 97,
023529 (2018).

[20] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper,
and J. March-Russell, Phys. Rev. D 81, 123530 (2010).

[21] H.N. Luu, S.H.H. Tye, and T. Broadhurst, Phys. Dark
Universe 30, 100636 (2020).

[22] J. Eby, M. Leembruggen, L. Street, P. Suranyi, and L. C. R.
Wijewardhana, J. Cosmol. Astropart. Phys. 10 (2020) 020.

[23] H.-K. Guo, K. Sinha, C. Sun, J. Swaim, and D. Vagie,
arXiv:2010.15977.

[24] J. Eby, C. Kouvaris, N.G. Nielsen, and L.C.R.
Wijewardhana, J. High Energy Phys. 02 (2016) 028.

[25] S. Khlebnikov and I. Tkachev, Phys. Rev. D 61, 083517
(2000).

[26] P.J. Fox, N. Weiner, and H. Xiao, arXiv:2302.00685.

063520-15


https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1051/0004-6361/201525830
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1103/RevModPhys.90.045002
https://doi.org/10.1051/eas/0936016
https://doi.org/10.1093/mnras/stz2310
https://doi.org/10.1016/0370-2693(81)90590-6
https://doi.org/10.1016/0370-2693(81)90590-6
https://arXiv.org/abs/2209.08215
https://doi.org/10.1103/PhysRevLett.85.1158
https://doi.org/10.1103/PhysRevLett.85.1158
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1016/j.dark.2012.10.008
https://arXiv.org/abs/2203.05750
https://arXiv.org/abs/2301.07114
https://doi.org/10.1103/PhysRevD.104.083532
https://doi.org/10.1103/PhysRevD.104.083532
https://doi.org/10.1103/PhysRevD.94.083007
https://doi.org/10.1103/PhysRevD.105.123540
https://doi.org/10.1103/PhysRevD.105.123540
https://doi.org/10.1016/j.dark.2016.10.005
https://doi.org/10.1088/1475-7516/2021/05/007
https://doi.org/10.1088/1475-7516/2021/05/007
https://doi.org/10.1088/1475-7516/2022/09/074
https://doi.org/10.1103/PhysRevD.97.023529
https://doi.org/10.1103/PhysRevD.97.023529
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1016/j.dark.2020.100636
https://doi.org/10.1016/j.dark.2020.100636
https://doi.org/10.1088/1475-7516/2020/10/020
https://arXiv.org/abs/2010.15977
https://doi.org/10.1007/JHEP02(2016)028
https://doi.org/10.1103/PhysRevD.61.083517
https://doi.org/10.1103/PhysRevD.61.083517
https://arXiv.org/abs/2302.00685

GLENNON, MUSOKE, and PRESCOD-WEINSTEIN

PHYS. REV. D 107, 063520 (2023)

[27] D. Cyncynates, T. Giurgica-Tiron, O. Simon, and J.O.
Thompson, Phys. Rev. D 105, 055005 (2022).

[28] D. Cyncynates, O. Simon, J.O. Thompson, and Z.J.
Weiner, Phys. Rev. D 106, 083503 (2022).

[29] L.-X. Xu and S. Yun, arXiv:2211.13074.

[30] K. Kirkpatrick, A.E. Mirasola, and C. Prescod-Weinstein,
Phys. Rev. D 102, 103012 (2020).

[31] K. Kirkpatrick, A. E. Mirasola, and C. Prescod-Weinstein,
arXiv:2110.08921.

[32] D.G. Levkov, A.G. Panin, and I.I. Tkachev, Phys. Rev.
Lett. 121, 151301 (2018).

[33] X. Du, C. Behrens, and J.C. Niemeyer, Mon. Not. R.
Astron. Soc. 465, 941 (2017).

[34] S. Refsdal, Mon. Not. R. Astron. Soc. 128, 307 (1964).

[35] K.C. Wong et al., Mon. Not. R. Astron. Soc. 498, 1420
(2020).

[36] A.J. Shajib et al. (DES), Mon. Not. R. Astron. Soc. 494,
6072 (2020).

[37] M. Millon et al., Astron. Astrophys. 639, A101 (2020).

[38] K. Blum, E. Castorina, and M. Simonovi¢, Astrophys. J.
Lett. 892, L27 (2020).

[39] A. Yildirim, S.H. Suyu, G.C.F. Chen, and E. Komatsu,
arXiv:2109.14615.

[40] K. Blum and L. Teodori, arXiv:2105.10873.

[41] S. Birrer et al., Astron. Astrophys. 643, A165 (2020).

[42] M. Jain and M. A. Amin, arXiv:2109.04892.

[43] M. A. Amin, M. Jain, R. Karur, and P. Mocz, J. Cosmol.
Astropart. Phys. 08 (2022) 014.

[44] M. Jain and M. A. Amin, arXiv:2211.08433.

[45] D.J. E. Marsh and J. Silk, Mon. Not. R. Astron. Soc. 437,
2652 (2014).

[46] J.C. Niemeyer, arXiv:1912.07064.

[47] N. Musoke, Ultradark.jl,” (2021).10.5281/zenod0.5542926

[48] N. Glennon, A. E. Mirasola, N. Musoke, M. C. Neyrinck,
and C. Prescod-Weinstein, arXiv:2301.13220.

[49] E. Edwards, E. Kendall, S. Hotchkiss, and R. Easther, J.
Cosmol. Astropart. Phys. 10 (2018) 027.

[50] A.H. Guth, M.P. Hertzberg, and C. Prescod-Weinstein,
Phys. Rev. D 92, 103513 (2015).

[51] D.J. E. Marsh, Phys. Rep. 643, 1 (2016).

[52] J. L. Zagorac, 1. Sands, N. Padmanabhan, and R. Easther,
Phys. Rev. D 105, 103506 (2022).

[53] X. Du, B. Schwabe, J. C. Niemeyer, and D. Biirger, Phys.
Rev. D 97, 063507 (2018).

[54] J.F. Navarro, C. S. Frenk, and S. D. M. White, Astrophys. J.
490, 493 (1997).

[55] H.-Y. Schive, M.-H. Liao, T.-P. Woo, S.-K. Wong, T.
Chiueh, T. Broadhurst, and W.Y.P. Hwang, Phys. Rev.
Lett. 113, 261302 (2014).

[56] R. Ruffini and S. Bonazzola, Phys. Rev. 187, 1767 (1969).

[57] D.J.E. Marsh and A.-R. Pop, Mon. Not. R. Astron. Soc.
451, 2479 (2015).

[58] N. Guo, Ultralight Dark Matter Dynamics with an Absorb-
ing Black Hole, Master’s thesis, University of Auckland
(2020).

[59] B. Schwabe, J. C. Niemeyer, and J. F. Engels, Phys. Rev. D
94, 043513 (2016).

[60] M. P. Hertzberg, Y. Li, and E. D. Schiappacasse, J. Cosmol.
Astropart. Phys. 07 (2020) 067.

[61] N. Glennon, N. Musoke, and C. Prescod-Weinstein, Supple-
mentary animations for “Simulations of multi-field ultralight
axion-like dark matter”, (2023), 10.5281/zenodo.7675775.

[62] H.-Y. Schive, T. Chiueh, and T. Broadhurst, Nat. Phys. 10,
496 (2014).

[63] https://www.youtube.com/watch?v=IENq5imelzE or 10.5281/
zenodo.7675774.

063520-16


https://doi.org/10.1103/PhysRevD.105.055005
https://doi.org/10.1103/PhysRevD.106.083503
https://arXiv.org/abs/2211.13074
https://doi.org/10.1103/PhysRevD.102.103012
https://arXiv.org/abs/2110.08921
https://doi.org/10.1103/PhysRevLett.121.151301
https://doi.org/10.1103/PhysRevLett.121.151301
https://doi.org/10.1093/mnras/stw2724
https://doi.org/10.1093/mnras/stw2724
https://doi.org/10.1093/mnras/128.4.307
https://doi.org/10.1093/mnras/stz3094
https://doi.org/10.1093/mnras/stz3094
https://doi.org/10.1093/mnras/staa828
https://doi.org/10.1093/mnras/staa828
https://doi.org/10.1051/0004-6361/201937351
https://doi.org/10.3847/2041-8213/ab8012
https://doi.org/10.3847/2041-8213/ab8012
https://arXiv.org/abs/2109.14615
https://arXiv.org/abs/2105.10873
https://doi.org/10.1051/0004-6361/202038861
https://arXiv.org/abs/2109.04892
https://doi.org/10.1088/1475-7516/2022/08/014
https://doi.org/10.1088/1475-7516/2022/08/014
https://arXiv.org/abs/2211.08433
https://doi.org/10.1093/mnras/stt2079
https://doi.org/10.1093/mnras/stt2079
https://arXiv.org/abs/1912.07064
https://doi.org/10.5281/zenodo.5542926
https://doi.org/10.5281/zenodo.5542926
https://doi.org/10.5281/zenodo.5542926
https://arXiv.org/abs/2301.13220
https://doi.org/10.1088/1475-7516/2018/10/027
https://doi.org/10.1088/1475-7516/2018/10/027
https://doi.org/10.1103/PhysRevD.92.103513
https://doi.org/10.1016/j.physrep.2016.06.005
https://doi.org/10.1103/PhysRevD.105.103506
https://doi.org/10.1103/PhysRevD.97.063507
https://doi.org/10.1103/PhysRevD.97.063507
https://doi.org/10.1086/304888
https://doi.org/10.1086/304888
https://doi.org/10.1103/PhysRevLett.113.261302
https://doi.org/10.1103/PhysRevLett.113.261302
https://doi.org/10.1103/PhysRev.187.1767
https://doi.org/10.1093/mnras/stv1050
https://doi.org/10.1093/mnras/stv1050
https://doi.org/10.1103/PhysRevD.94.043513
https://doi.org/10.1103/PhysRevD.94.043513
https://doi.org/10.1088/1475-7516/2020/07/067
https://doi.org/10.1088/1475-7516/2020/07/067
https://doi.org/10.5281/zenodo.7675775
https://doi.org/10.1038/nphys2996
https://doi.org/10.1038/nphys2996
https://www.youtube.com/watch?v=IENq5imeIzE
https://www.youtube.com/watch?v=IENq5imeIzE
https://www.youtube.com/watch?v=IENq5imeIzE
https://doi.org/10.5281/zenodo.7675774
https://doi.org/10.5281/zenodo.7675774

