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Dynamical friction in self-interacting ultralight dark matter
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We explore how dynamical friction in an ultralight dark matter (ULDM) background is affected by dark
matter self-interactions. We calculate the force of dynamical friction on a point mass moving through a
uniform ULDM background with self-interactions, finding that the force of dynamical friction vanishes for
sufficiently strong repulsive self-interactions. Using the pseudospectral solver UlraDark.jl, we show with
simulations that reasonable values of the ULDM self-interaction strength and particle mass cause O(1)
differences in the acceleration of an object like a supermassive black hole (SMBH) traveling near the center
of a soliton, relative to the case with no self-interactions. For example, repulsive self-interactions with
A =107 yield a deceleration due to dynamical friction ~70% smaller than a model with no self-
interactions. We discuss the observational implications of our results for SMBHs near soliton centers and

for massive satellite galaxies falling into ultralight axion halos and show that outcomes are dependent on

whether a self-interaction is present or not.
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I. INTRODUCTION

Cosmological observations indicate that most of the
matter in the Universe is dark. Such evidence comes, for
example, from the cosmic microwave background (CMB),
galactic rotation curves, and gravitational lensing [1-5].
Many dark matter models fit into the cold dark matter
(CDM) paradigm, which is characterized by nonrelativistic
and collisionless dark matter particles [6,7]. While CDM
models have been very successful at predicting the large-
scale structure of the Universe, little is known about the
microphysics of dark matter.

An alternative to traditional CDM models is ultralight
dark matter (ULDM). In ULDM models, the constituent
particles have masses around 10722 eV and, therefore, have
a de Broglie wavelength on the order of a kiloparsec. While
they behave very similarly to CDM on large scales, ULDM
models can yield distinct predictions on small scales due to
the wavelike nature of the dark matter particles, which may
alleviate potential tensions between CDM and dwarf galaxy
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observations (e.g., see [8] for a review). For example, the
“cusp-core” problem concerns CDM predictions for dense
cusps at the center of dark matter halos, which may differ
from roughly constant-density cores observed in some dwarf
galaxies. Although core formation can largely be explained
by baryonic processes (e.g., see Refs. [9,10]), ULDM may
provide an alternative solution. In particular, because the de
Broglie wavelength is very large, structure on scales smaller
than this wavelength is naturally smoothed out.

ULDM is motivated by specific particle physics models
such as axionlike particles (ALPs) resulting from string
theory. ALPs may have a large range of possible masses
from 1 eV down to 10733 eV [11,12] and ultralight axions
(ULAs) with mass m < 107'8 eV are a subclass of these
models [13]. They are not the same as the QCD axions that
were theorized to solve the strong CP problem in QCD
[14]. In this paper, we focus on a general class of ULDM
models that encompasses ULAs. Crucially, we consider
models that feature self-interactions between dark matter
particles, which are a generic feature of many ULDM
scenarios [15].

In many ULDM models, self-interactions are neglected
because they are constrained to be very small [16-24].
However, as shown in, e.g., Refs. [20,25-29], even small
self-interactions can be important for understanding structure
formation in ULA models. This is because the nonlinear
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effects from self-interactions are determined by the self-
coupling times the phase space density of the dark matter
particle in the environment (which may be very large) rather
than just the strength of the self-coupling [27]. Predicted
differences depend on the sign of the self-interaction and
include phenomena like solitonic collapse, oscillations, and
explosions when there are attractive self-interactions [20,25]
and vortex formation when there are repulsive self-
interactions [28,29]. Self-interactions have also been shown
to affect the tidal disruption timescales of solitons under-
going tidal stripping [26].

It is interesting to consider how the motion of an object
traveling through an ULDM background is affected by the
ultralight nature of the surrounding particles and how this
motion is affected by the presence of self-interactions. For
example, dynamical friction is the process by which an
object is slowed down by the gravitational interactions with
the matter around it [30]. When a massive object moves
through a background medium, the particles in the medium
will be accelerated by the massive object’s gravity. In a
standard picture, the particles then form an overdense
region trailing the massive object, referred to as a gravi-
tational “wake,” and slow the massive object down through
gravitational interactions. Dynamical friction is important,
for example, to understand why heavier galaxies tend to be
found near the centers of galaxy clusters [31,32] and why
supermassive black holes (SMBHs) migrate toward the
centers of galaxies [33].

Dynamical friction in an ULDM background differs from
that in traditional CDM models. In particular, due to ULAS’
wavelike properties, gravitational wakes are suppressed.
Since the overdense region behind the massive object is
smaller than what one would expect in CDM models, there
will be a smaller dynamical friction force on the object [13].
The effects of dynamical friction have been studied in detail
for ULDM models without self-interactions [34-37].

ULDM self-interactions may affect dynamical friction.
For example, in the presence of attractive self-interactions,
overdense gravitational wakes will be denser than they
would be if there were no self-interactions. Conversely,
repulsive self-interactions are expected to reduce the size of
density wakes. In this work, we therefore calculate how
self-interactions change the dynamical friction force on an
object traveling through an ULDM background.

The paper is organized as follows. In Sec. II, we describe
the ULDM model we use and summarize the current
constraints on quartic self-interactions. Sec. III describes
the code used for our numerical simulations, UltraDark.jl, and
describes the simulations’ astrophysical context. We present
the results of our simulations in Sec. I'V. These include an
analysis of theoretical predictions from our analytic calcu-
lation, where applicable, and an analysis of simulations
corresponding to a realistic scenario of an SMBH traveling
through an ULDM background with self-interactions.
We summarize our results and discuss their implications
in Sec. V.

II. ULTRALIGHT DARK MATTER MODEL
AND PHYSICAL SETUP

A. ULDM model

Herein we assume that the ULDM can be treated as a
classical field that is minimally coupled to gravity. From
this assumption, the action becomes

A
/d“x\/_[ P 0,00, — 5P = 24*|. (1)
where ¢ is the scalar field, m is the mass of the field, and 4
is the dimensionless self-coupling. This action uses only
the leading-order self-interaction term. By writing the real
scalar field ¢ in terms of a complex field v,

zmt/h 4 y/*ezmt/h)’ (2)

we arrive at the equations of motion. The equations of
motion in the Newtonian gauge are the Gross-Pitaevskii-
Poisson (GPP) equations

fl3
iy = —*V2w+m¢>y/+ |l//|2 (3)

and
V2® = 4zGm|y|>. (4)

Here, @ is the gravitational potential and y is the ULDM
field (see Ref. [38] for a more detailed derivation). We
assume a particle mass of m = 10722 eV and a dimension-
less coupling « related to A by

k= 2.1x 10}, (5)

B. Constraints on ULDM self-interactions

To contextualize our choice of self-interaction strengths
below, we summarize constraints on this term from the
literature. For attractive self-interactions, Refs. [16,17]
predict that the self-interaction strength scales as

m2

A= I (6)
where f is the axion decay constant. This follows from
expanding the axion potential

V(g) = m*f*(1 = cos(¢/f)). (7)

Assuming values of m = 10722 eV and f = 10'7 GeV, this
leads to a predicted self-coupling of A~ —1 x 107 or
k =~ —2 x 1078, This is several orders of magnitude smaller
than the typical self-interaction strengths we will adopt
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here, which are similar to those assumed in previous studies
of ULDM self-interactions (e.g., [26]).

For repulsive self-interactions, Ref. [18] presents a rough
estimate for the strength of repulsive self-interactions
allowed in ULDM models. This estimate is based on the
fact that the linear matter-power spectrum is well con-
strained on large scales. Thus, the Jeans scale induced by
the repulsive self-interactions must be less than ~1 Mpc.
This leads to an estimated constraint on the quartic
interaction that depends on the boson mass and axion
decay constant via

k9 =2.7(——0 /
g (10—20 ev> (1013 GeV)

1
x4 = (—) Mpe™! 21 Mpe!,  (8)
A3 \leq

where 45" = ;A(%)?. Using a mass of m = 107* eV and

decay constant of 10'7 GeV, the constraint is approxi-
mately A < 3 x 107%3." Again, this is slightly smaller than
the typical self-interaction strengths we will assume.
There are also other estimates of allowed self-interaction
strengths; we note that these estimates often differ by orders
of magnitude. For example, Ref. [20] use observations
of the Bullet Cluster and of one of the smallest known
galaxies, Willman I, to claim that the dimensionless
coupling is 4 = 3.7 x 10~!* for repulsive self-interactions
and 1= -2.0x107% for attractive self-interactions.
However, these values of 1 assume different ULDM masses
than our fiducial mass of 10722 eV. In particular, the
masses found for the attractive and repulsive cases are
m=2.57x10"eV and m=1.69 x 1072 eV, respectively,
and the corresponding scattering lengths are a;, = —8.29 x
107%° fm and a, = 1.73 x 107> fm, respectively. The
dimensionless coupling corresponding to these values is

4drhag
K= ,
Tm?G

©)

yielding x = —3.3 x 107> for attractive self-interactions
and x = 1.6 x 10" for repulsive self-interactions. These
values are consistent with the stronger constraints from
Ref. [18].

Meanwhile, according to Ref. [24], the limits on the
dimensionful couplings are

3 3

cm cm
95x107"Y — <1<4x10717 —.

eV eV
These limits are based on observations from the CMB and
the number of light particle species produced at matter-
radiation equality, z.q. In particular, the upper limits are

(10)

'We expect that smaller-scale data are even more sensitive to
such self-interactions; this is an interesting area for future study.

needed so that ULDM behaves like CDM slightly before
Zeqs the lower bounds are determined using constraints from
the effective number of relativistic degrees of freedom N .
The dimensionless coupling is related to the dimensionful
coupling by

A=A—. (11)

Assuming a boson mass of m = 10722 ec—\,_’, the constraint on
the dimensionless coupling becomes

52x 107 <1< 1.2x107%, (12)
which implies
0.00026 < k < 0.0108. (13)

This constraint arises because, at sufficiently early times,
the quartic self-interaction term causes the bosons to
behave like radiation. However, at big bang nucleosynthe-
sis, the temperature is such that Hubble friction makes the
bosons behave like dark energy. Similarly, Ref. [21] claims
that, in the presence of repulsive self-interactions, ULDM
behaves like radiation at early times. This effect can be used
to constrain the strength of the self-coupling, yielding

m
IOglo(/l) < —9186+410g10 <m) (14)

for particle masses larger than 1072* eV. For a particle mass
of 10722 eV, this corresponds to x < 2.9.

Finally, in Ref. [22], the authors constrain ULDM self-
interactions using the soliton-halo relation, which includes
self-interactions, and fitting galactic rotation curves using
scaled solutions of the GPP equations. The galactic rotation
curves studied by Ref. [22] can be fit by assuming repul-
sive self-interactions with 1> O(10~) or x = O(1072).
Reference [23] presents a similar analysis, resulting in a
best-fit particle mass of m = 2.2 x 1072? eV and scattering
length of a, = 7.8 x 107%% fm, which corresponds to a self-
interaction strength of 1 =22 x 107 (x = 4.2 x 1073).
Note that Eq. (5) is not used in this translation because the
particle mass is not assumed to be m = 1072? eV.

C. Dynamical friction expectations

The classic Chandrasekhar formulation of dynamical
friction [30] describes the force on an object from gravi-
tational interactions with stars. This was done assuming the
field of stars was collisionless and neglecting the self-
gravity of the stars. In this scenario, the dynamical friction
force for an object of mass M traveling through a back-
ground of particles with mass m << M is given by

For = —42G*M? Y p(< v )In (A), (15

Vtel
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where v, is the massive object’s velocity relative to the
background, v, = |Vye|, P(< ¥y) is the background den-
sity of stars with velocity less than v, and In A is the
Coulomb logarithm given by In A = In(by4x/Ppmin )» Where
bmax and b, are the maximum and minimum impact
parameters, respectively, in the system [30,39].

This description of dynamical friction does not apply in
many situations because the dynamical friction force is
proportional to the local matter density. For example, if an
object exists outside of a halo where the local density
vanishes, the object should still feel a dynamical friction
force [40]. Meanwhile, if an object falls toward the cen-
ter of a constant density core described by a harmonic
potential, the infalling object will stall and feel no dynamical
friction force [41]. While many formulations of dyna-
mical friction assume a homogeneous background and that
dynamical friction is a local phenomena, Ref. [42] develops
a perturbative description without assuming a uniform
density background. They find the dynamical friction
force is only due to torques applied by particles in resonant
orbits with the perturber, known as Lynden-Bell and Kalnajs
(LBK) torques, as first described in Ref. [43]. This nonlocal
description resolves the core-stalling issue that arises in the
canonical description of dynamical friction.

In this work, we perform a perturbative calculation to
predict the dynamical friction force on a point mass in a
uniform ULDM background with self interactions. This
calculation follows a similar procedure found in Ref. [34],
which derives the dynamical friction force on a point mass
moving through a uniform ULDM background without
self-interactions.

First, we write

h
u =, (16)

where 6 is dark matter phase. We also define

w = \/pe. (17)

Rewriting the GPP equations in terms of two real partial
differential equations, we obtain

dp
— 4+ V. = 1
4V (pu) =0, (18)
oJu
where
n Vi/p
U= ——— . 20
(9] 2m2 \/E ( )

By replacing p — p + dp and u — v, + v, we arrive at
Egs. (4.8) and (4.9) in Ref. [34]:

aa_(:+(vrel.V)a+v~51}:0 (21)
and
2
B\ (o V)o0 = VU + 1 V(V2a).  (22)
ot dm

Here, a(x) = (p(x) — p)/p and v is the speed of the point
mass relative to the background.

By combining the first two equations and assuming v,
is in the z direction, we obtain

’a P a a h2
— = 20, —— 2~ _VU+—V*a=0. 23
o Urel 070t + Urel aZZ + 4m? a ( )
We then write U as
GM R”i
U=——+—pa. 24
r + omt P (24)

Assuming time independence and substituting in for U, we
obtain

Pa 2
2 S84 T Vi = 4nGMS (1) + Ve (25)
m

U [R—
el 972 " 4m

Next, we perform a Fourier transform to derive

hz 4 2 12 h3/1 ~1.2 |\ A
mk - vrelkz + ka a = 47TGM, (26)

A

where & is the Fourier transform of a. We define
several new variables to simplify this equation with
K=nk, A=h/mvy, Mqo=ve/Vq Vo=h/mLg,
Lo =h?/GMm?, and 7 = r/%. With these definitions, we
obtain

16743

0 = — — —. 27
T Mo (W =4 1 2R (27)

Here, we have defined the dimensionless parameter & as

2h32 2
é: 42/_):4<i>’ (28)

m vrel ”rel

where c; is the sound speed in the ULDM medium [44].
We parametrize the dynamical friction force for a given
simulation setup using £&.

We attempt to analytically calculate the dynamical
friction force in the presence of ULDM self-interactions
in Appendix A. Our perturbative calculation breaks down at
intermediate self-interaction strengths (1 <& < 4), so we
do not compare our simulations to it in this regime, and we
leave a treatment of this issue to future work. Nonetheless,
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this calculation clearly predicts that the dynamical friction
force vanishes for sufficiently repulsive self-interactions
(i.e., £ > 4). In this limit, the sound speed in the ULDM
medium exceeds relative velocities, preventing the forma-
tion of gravitational wakes; this is consistent with our
simulations and provides a physical interpretation of our
results. On the other hand, as self-interactions are turned
off (¢ — 0), the dynamical friction force predicted by our
analytic calculation approaches the case without self-
interactions. As we will show, this intuitive result also
agrees with our simulations.

III. SIMULATIONS

A. Numerical methods

We perform simulations using an extension of UltraDark.jl, a
pseudospectral solver for the GPP equations [45]. UltraDark.ji
has been used in related work to investigate tidal stripping
with ULDM self-interactions, vortices, and systems with
several different ULDM species [26,46,47].

UltraDark.jl uses code units internally. In these units, time,
length, mass and self-interaction strength 1 are scaled by,
respectively,

3 -1/2
T = QHOQWL.O ~ 74 Gyr, (29)
AaN1/2/3 -1/4
SONCD
10722 eV 1/2
~38 <4e> kpc, (30)
m

fl 3/21 3 ) 1/4
M—Q>G@%ﬁ>

10—22 V) 3/2
~2.2 % 10° (7(3) Mo, (31)
m
hz 88
= am21x 108 32
T 2T wiGe * (32)

The approximate values are computed with Hy =
70 km/s/Mpc and ,, ; = 0.3. Units are chosen such that
Eq. (3) is transformed to a dimensionless form

.oy’ 1
i = _EVIZW, +y/ (@' () + @;amcle(r)) + x|y,
(33)
V2®'(r) = 4zly'|%. (34)

The gravitational potential @, is that of a particle
that interacts gravitationally with the ULDM field. It is
precomputed and shifted to the position of the particle. We
added two classes of particles to UltraDark jl: point particles
with potential

GM

Ppoing = ==~ (35)

point —
and Plummer spheres with potential

GM

where M is the mass of the point particle or Plummer
sphere and a is the Plummer radius. Note that the potential
in Eq. (35) is singular and can lead to numerical overflow if
the location of the particle coincides with a grid point.
We avoid this by simulating particles that travel along
straight lines, coming no less than half a grid spacing from
these formally singular values. Throughout, we compare
our results with a point particle potential to simulations
that use the Plummer sphere potential in Eq. (36), which
smooths out this divergence and is commonly gravitational
softening.

The gravitational potential of the ALP field is calculated
in Fourier space,

(36)

q)Plummer = -

@(x,z+h>—f-1{—i—ff{|w|2}}, (37)

where Kk is the coordinate in Fourier space. Note that the
gravitational potential of the @ is periodic while @i
is not.

For each time step with size h, the ULDM field and
particle position are updated by a symmetrized split step
method. The code first updates the velocities of the ULDM
field and particle by a half time step /2:

h h
Y — eXp <_12 (@ + q)particle)) exp <_12K|W|2> v, (38)

Vo vt g x [F =ik F{®}}],. (39)

We then perform a whole-step update to the ULDM density
and particle position based on these velocities:

v — ]—"‘l{exp <—ih%2> .7-"{1;1}}, (40)

X = X + hv. (41)

Finally, the velocities of the ULDM field and particle are
updated by the remaining half time step 4/2:

h h
= exp (=15 (@ + @) exp (<73l o (42

Vo v+ g X [FH—ikF{®}}],. (43)
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Left panel: fractional change in velocity as a function of time in simulations of a point mass traveling through a uniform

ULDM background. The solid lines represent the portion of the simulation where we assume the point mass is approximately in a steady
state to calculate the deceleration due to dynamical friction. Right panel: the same as the left panel, but showing the difference in position
of the point mass. Various repulsive self-interaction strengths, shown by colored lines, are compared to the position of the same point
mass with no self-interactions (dark blue). Repulsive self-interactions reduce the dynamical friction force, causing the point mass to
move further in a given amount of time compared to the case without self-interactions.

In each of these equations, x and v are the position and
velocity of the particle, respectively, and F is the Fourier
transform. The notation [f], indicates the component of a
matrix f at the grid cell containing position X.

The time step £ is chosen to be small enough such that
the particle does not cross more than 1/4 of a grid cell in
each step and such that the change in the phase due to
Egs. (39) and (43) does not exceed 2z. This can be
expressed as

h < min

<lb0x 1 ’ 2 ’ 2r >’ (44)
resol 4|v| " max (D, ) max(k)

where resol is the resolution of the grid and maxima of @
and k are computed over the entire box. Time stepping is
adaptive and time step sizes update after every ten steps.
Note that because the first and last steps are identical and
only update velocities (and do not depend on the velocities
themselves), they can be combined if consecutive steps
have the same size.

Because UltraDark.jl uses FFTs, the ULDM field has
periodic boundary conditions topologically equivalent to
a torus. The particle positions are also made periodic. The
overall size of the box roughly corresponds to the cutoff
scale b used in our analytic calculation (see Appendix A).

B. Physical scenario

In the simulations presented below, we consider a
massive object (either a point particle or Plummer sphere)
traveling through an initially uniform ULDM background
that may or may not have self-interactions. Each simulation
has the same initial velocity v, and background density,
and we control the dimensionless parameter quantifying the
expected dynamical friction force & [Eq. (28)] by varying «.

We also ran simulations to verify the numerical conver-
gence of the code; these results are summarized in
Appendix B.

Simulations with large attractive self-interactions are not
straightforward to simulate. In particular, gravitational
wakes will collapse if self-interactions are too large, which
our simulations are not designed to study. For this reason,
we explore a wider range of repulsive than attractive self-
interactions in this work.

The following sections contain measurements of the
dynamical friction force due to a wake. These forces are not
constant—in particular, the particle starts in a homo-
geneous background in which it experiences no acceler-
ation. However, the wake immediately begins to grow, and
the particle experiences a deceleration. In the parameter
ranges we examine, there is minimal positive feedback
between the growth of the wake and the deceleration of the
particle, and the deceleration is small enough during the
length of the simulations such that the system approaches a
steady state; see Appendix B for details.

For illustration, the left panel of Fig. 1 shows how the
velocity of a moving object will change as a function of
time and the right panel of Fig. 1 shows how the expected
position of the point mass in a self-interacting background
changes compared to when there are no self-interactions.
The solid lines in these plots show the region where the
moving object is almost in steady state; in the following
sections, we report the average acceleration in this nearly
steady state.

IV. RESULTS

A. Parameter space exploration

We first explore how the magnitude of the dynamical
friction force varies as a function of ULDM self-interaction
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FIG. 2. Snapshots of a point mass traveling through a uniform ULDM background with zero self-interactions (left panel; £ = 0) and
strong, repulsive self-interactions (right panel; £ = 2). These cases correspond to self-interaction strengths of k = 0 and x = 1230,
respectively. The red markers on the plots show the position of the point mass. Gravitational wakes in the noninteracting case are denser
than those in the presence of repulsive self-interactions. A corresponding animation can be found in Ref. [48].

strength and the scaling between these quantities. In
each of the following simulations, we use a mass of
4.4 x 10°M, a box length of 15 kpc, an initial relative
velocity of 1.9 x 10* kms~!, and a background density of
4.0 x 107°M, pc3.> When we use a Plummer sphere in
this section, the Plummer radius is a = 0.0002L. In
practice, these parameters (i.e., a large relative velocity,
small object mass, and low background density) will make
the measured dynamical friction force very small; we
choose them to explore the phenomenological changes
self-interactions could have on dynamical friction rather
than to model particular astrophysical scenarios, as in the
following sections.

Figure 2 shows snapshots of two simulations where a
point particle travels through a uniform ULDM background
with either zero or strong, repulsive self-interactions. Here,
the repulsive self-interaction strength of k = 1230 is chosen
to highlight the potential impact of this effect rather than
to fall within the observational constraints described in
Sec. II B. Note that these simulations span a fairly small
dynamic range of densities because of the idealized
parameter choices above; this does not affect the interpre-
tation of our results.

We find that gravitational wakes are denser when the
self-coupling is zero compared to the strong, repulsive
case, in agreement with the intuition discussed in Sec. I,
that repulsive self-interactions “smooth out” density wakes.
Quantitatively, Fig. 3 shows results from a suite of point-
mass simulations as a function of the repulsive self-
interaction strength. We identify three regimes: (i) for
0 < ¢ <3, the dynamical friction force slowly decreases
as self-interactions become more repulsive (as £ — 0, our

*The Jeans length for our fiducial cosmology and ULDM
models is of O(100 kpc); our box is much smaller than this and is
therefore not unstable to gravitational collapse.

simulation prediction and analytic calculation agree; see
Appendix A); (ii) for 3 <& <4, the dynamical friction
force decreases roughly linearly with the repulsive self-
interaction strength; and (iii) for £ = 4, the dynamical
friction force approaches zero, consistent with our analytic
expectation.

We also simulate Plummer sphere profiles to test whether
an extended mass distribution responds differently to self-
interactions than point masses. Snapshots of these simu-
lations look very similar to those in Fig. 2; as expected,
variations in the dark matter density are slightly smoother
compared to the point mass simulations. An enlarged

§
0 2 4 6
0.000 - . 0

o ---- Point Particle o 2
S e —
= _0.002 4 Plummer Sphere Ve ) 5
< I —<s
=2 R
T '.;"/ 5
o o o
= —0.004 1 a7 B

57 4 &
E =
= <
£ —0.006 R g
e T : / g
[ S - —6 <
8 - g
S g =
«0.008{ =" A

0 1000 2000 3000
K

FIG. 3. Dynamical friction force versus repulsive self-
interaction strength x for a point mass (blue dashed line) and
Plummer sphere (green dotted line) traveling through an initially
uniform ULDM background. The masses for the point mass and
Plummer sphere are both 4.4 x 10°M. The Plummer sphere
experiences a smaller dynamical friction force for all self-
interaction strengths, although the two cases converge for strong,
repulsive self-interactions. The panels of Fig. 2 correspond to the
¢ =0 and ¢ = 2 points on the blue line, and the panels of Fig. 4
correspond to the £ = 0 points on the blue and green lines.
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Point Mass

Plummer Sphere

3.5971 3.5971
3.5970 3.5970
3.5969 3.5969
3.5968 3.5968
3.5967 3.5967
3.5966 3.5966

FIG. 4. Enlarged snapshots of a point mass (left panel) and Plummer sphere (right panel) moving through a uniform ULDM
background without self-interactions. The red markers show the position of the point mass and Plummer sphere. Each figure spans
about 2 kpc. Note that the left panel corresponds to an enlarged region from the left panel of Fig. 2. The density contrast is slightly larger
in the point-mass case, consistent with our finding that the dynamical friction force is smaller for extended mass profiles like the

Log[p/(Mskpe™®)]

Plummer sphere.

comparison between the point mass and Plummer sphere
simulations in a case without self-interactions is shown
in Fig. 4.

In Fig. 3, we compare the acceleration due to dynamical
friction against £ for the point particle and Plummer sphere
cases. The comparison is reasonable, in that the Plummer
sphere experiences a smaller dynamical friction force for all
£ because it is less compact and thus generates a smaller
wake. However, this difference between the accelerations
of point masses and Plummer spheres is much smaller for
stronger repulsive self-interactions. In the large £ limit, both
accelerations tend toward zero, consistent with our analytic
calculation. In particular, dynamical friction vanishes due
to the sound speed—which is a property of the ULDM

0.000 F====sgzon_
~0.002 1 NN
SO
—0.004 4 RN
~ — k=-0.0034 AR
T e —0.0061 — x=0 AN
3 —— £ =0.0034 RN
—0.008 1 K = 0.0068 N
£ = 0.0102
00101 —— , —0.0136
—— £ =0.0169
—0.0129 ___ . _ 00203
0 20 40 60 80

Time (Myr)

FIG. 5.

background rather than the moving object—so this pre-
diction is not sensitive to the profile assumed for the
test mass.

These results confirm many of our qualitative expect-
ations for dynamical friction in the presence of ULDM self-
interactions in a test scenario. We now turn to simulations
with more realistic parameter choices in order to quantify
these effects in various astrophysical settings.

B. Dynamical friction on supermassive black holes

Reference [35] studied the dynamical friction experi-
enced by an SMBH traveling through an ULDM back-
ground near the center of a soliton. We study the effects

0.0150
- — k= -0.0034
£ 00125{ — x=0
= —— £ =0.0034
‘g 0.0100 - x = 0.0068
Z, % = 0.0102
S 0.0075 K = 0.0136
2 —— £ =0.0169 ’
5 000501\ _ 00203
(5]
f 0.0025 —
g -
*2 0.0000 -======= e -
£ S~—a
—0.0025 - i
0 20 40 60 80
Time (Myr)

Left panel: fractional change in velocity as a function time for a system representative of an SMBH traveling through a uniform

ULDM background. The solid lines represent the portion of the data where we assume the point mass is approximately in a steady state
to calculate the deceleration due to dynamical friction. Note that these results are qualitatively similar to Fig. 1; however, quantitatively,
the fractional change in velocity is much greater and it takes much longer to reach a steady state for the SMBH simulations due to its
lower relative velocity and the higher background density. Right panel: the difference in the expected position, as a function of time, for
an SMBH traveling through ULDM backgrounds with various self-interaction strengths, plotted relative to the position of the same
SMBH in a noninteracting scenario.
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No SI
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7.480
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7.476
7.474
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7.470
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Strong Repulsive

7.484
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7470

Log[p/(Mokpc™®

FIG. 6. Snapshots of a Plummer sphere representing an SMBH traveling through a uniform ULDM background with either no self-
interactions (left panel; £ = 0) or strong, repulsive self-interactions (right panel; £ = 2). These correspond to self-interaction strengths of
k = 0 and x = 0.0068, respectively. Red markers show the position of the point mass. The box length is about 12 kpc across. In this
scenario, noticeable differences in the gravitational wakes arise when modeling values of « that are largely consistent with existing
observational constraints. A corresponding animation can be found in Ref. [49].

of ULDM self-interactions in a similar scenario, in
which we initialize a Plummer sphere with a mass of
9.6 x 10°M, and Plummer radius of 0.04 kpc traveling
with velocity » = 50 kms~! through a uniform back-
ground density of p = 0.0295M pc™>; we use a box
length of 12 kpc for these simulations. These values are
chosen to be representative of an SMBH near the center
of a dark matter halo. We plot velocity versus time in the
left panel of Fig. 5, and we again indicate the region
where we assume the SMBH is in a steady state. The
position of the SMBH for different self-interactions
relative to the position of an SMBH in a noninteracting
scenario is shown in the right panel of Fig. 5; the
resulting accelerations are plotted in Fig. 7, and two
snapshots from these simulations are shown in Fig. 6.
When comparing Fig. 7 to Fig. 3, we see that the
dynamical friction force approaches zero more slowly in
the SMBH scenario. This follows because the dimension-
less quantum Mach number, M [34], is much smaller in
our SMBH simulations relative to those in the previous
section. Our analytic calculation that predicts the dynami-
cal friction force vanishes at £ =4 is only valid in the
limit where Mg is large. In Fig. 3, Mg~2x 10°,
whereas in Fig. 7, Mg =~ 200.

The self-interactions for these SMBH tests span —1 <
£ <4 and thus include both attractive and repulsive
scenarios. However, we note that the typical self-interaction
magnitudes in these tests are much smaller than in
the previous section due to the SMBH’s relatively low
velocity and the relatively high background density. When
varying « through the observationally unconstrained
interval —0.0034 < k < 0.0203, we find that the accel-
eration due to dynamical friction varies by a factor of ~4.
Thus, self-interactions in an ULDM background may
significantly impact the acceleration experienced by an

SMBH and the timescale on which it sinks to the center
of the halo.

According to Ref. [35], the orbital lifetime for an SMBH
on a circular orbit around a solitonic core is roughly

L

T=——
r|FDF|’

(45)

where L is the angular momentum of the orbit, r is the
radius, and |Fpg| is the dynamical friction force. Thus,
typical repulsive self-interactions we study are expected to

3
0 2 4 6
O 1 1 1 0
& 2
~ Q[
£ —1000 1 =
2 ]
L 3
= —2000 - ‘g
8 2
5 8
B —3000 1 =
g 3
g _
< =y
—4000 4 , , , , ,
0.000 0.005 0.010 0.015 0.020
K

FIG. 7. Acceleration versus self-interaction strength for a
Plummer sphere (representing an SMBH) traveling through a
uniform ULDM background. This set of simulations uses
a greater background density and smaller relative velocity
compared to the simulations used in Fig. 3, which increases
the dynamical friction force experienced by the Plummer sphere.
Note that, in this setup, the dynamical friction force approaches
zero at a slower rate when ¢ increases compared to the
simulations used to generate Fig. 3.
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increase SMBH orbital lifetimes by factors of a few, com-
pared to scenarios with no self-interactions. For sufficiently
large repulsive self-interactions, the orbital lifetime may
formally diverge as the dynamical friction force approaches
zero, although we note that |Fpg| vanishes more slowly in
the SMBH case than for the test case in the previous
section.

C. Dynamical friction on massive satellite galaxies

Satellite galaxies that occupy dark matter halos with
sizable masses, compared to the mass of the host halo they
fall into, experience significant dynamical friction in CDM.
We therefore study how a system like the Large Magellanic
Cloud (LMC), which is only a few times (up to ~1 order of
magnitude) less massive than the Milky Way (MW) system
it recently fell into [50,51], might evolve differently in a
self-interacting ULDM background. Recent work has
compared dynamical friction on the LMC in non-self-
interacting ULDM and in particle CDM and found that,
although the wakes have difference structures, the dynami-
cal friction forces are similar [52].

Ideally, we would model the LMC as a soliton moving
through a self-interacting background or self-consistently
accreting into a ULDM halo that represents the MW.
Although UltraDarkjl is capable of simulating a soliton
traveling through a uniform ULDM background, we leave
a detailed study of this case to future work and instead
extrapolate results from the simulations presented above to
bracket the range of possible LMC behavior.

In the scenario without self-interactions, the acceleration
due to dynamical friction for the LMC obtained by extrapo-
lating our simulation results above is O(107'* kms~2). This
assumes a approximate background density of p =2 x
10~*My, pc=, a relative velocity of v, = 100 kms, and
an LMC mass of 10!! M. The force predicted by Eq. (A36),
which assumes a point object, gives an acceleration of
4 x 107'* km/s?, in reasonable agreement with our simu-
lation-based prediction. We note that, because of the LMC’s
extended mass profile, the dynamical friction force predicted
by Eq. (A36) is an overestimate. Furthermore, in this setup,
& = 4 (for which dynamical friction would approximately
vanish) corresponds to A = 4 x 1078, which is generally
larger than the existing observational constraints on A
summarized in Sec. II B.

Thus, plausible values of repulsive ULDM  self-
interaction strengths are expected to lengthen the LMC’s
orbital decay timescale but not to erase the dynamical
friction force on it entirely. Quantitatively, the expected
distance traveled by the LMC, over the roughly 1 Gyr since
it fell into the MW [53], is at most ~100 kpc more in an
ULDM background with repulsive self-interactions on the
order of A~ 1078 than in a noninteracting scenario. This
upper bound assumes that the background density the LMC
traveled though is a constant p = 2 x 10™*M, /pc? and that
LMC is in steady state. In reality, the LMC started in a less

dense region, meaning the dynamical friction force was
originally smaller.”

Given recent, high-precision astrometric measure-
ments of MW satellite proper motions [54,55], shifts of
O(10 kpc) in expected orbits may be measurable, thereby
probing ULDM self-interactions. We leave this exciting
possibility to future work, noting that complementary
observables—e.g., the dark matter wake induced by the
LMC [56]—may also be used to search for the dynamical
effects of self-interacting ULDM.

V. CONCLUSIONS

We have presented numerical pseudospectral simulations
to demonstrate the effects of quartic self-interactions on
dynamical friction in ULDM models.

To explore the relevant parameter space, we first studied a
point mass traveling through a uniform ULDM background
and quantified how the dynamical friction force experienced
by the particle depends on a dimensionless parameter & that
we derived as a useful proxy for the expected dynamical
friction force in self-interacting ULDM models. The dynami-
cal friction force monotonically decreases as the self-
interaction becomes more repulsive, approaching zero in
some scenarios; we confirmed the latter result with an
analytic calculation. This is expected because repulsive
self-interactions suppress the formation of gravitational
wakes. It is remarkable that the dynamical friction force
vanishes in sufficiently repulsive self-interaction scenarios.

Our simulations indicate that plausible ULDM self-
interaction strengths can significantly impact the dynamics
of astrophysical objects moving through an ULDM back-
ground. For example, we have shown that the orbital
lifetimes of both central SMBHs and massive satellite
galaxies like the LMC are affected at the O(1) level in
ULDM models with plausible self-interaction strengths,
relative to the case with no self-interaction. Moreover, there
are likely other astrophysical scenarios—beyond the
SMBH and satellite galaxy cases we have focused on
here—in which the effects of ULDM self-interactions on
dynamical friction are relevant. Identifying and simulating
these cases will help place constraints on the allowed range
of self-interactions in ULDM models.

There are a few caveats to our results. First, we used
external gravitational potentials when modeling the accel-
eration of the moving bodies. While this does not necessarily
impact our point particle simulations, our simulations using
an extended Plummer sphere profile could be affected by this
choice because the test particle profile would likely be
deformed over the course of the simulation. In general,
our tests using an extended profile instead of a point mass
show that, as expected, the force of dynamical friction is

3H0wever, the LMC also loses mass during its orbit; a self-
consistent simulation that includes tidal stripping is needed to
quantify the relative importance of this effect.
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smaller for an extended object compared to a point object,
provided that the objects have identical masses.

Next, our results may be impacted slightly by how our
simulations were initialized and executed. In particular, in
Appendix B, we show that our measurements are con-
verged as a function of grid size for strong, repulsive self-
interactions and that they are sensitive to numerical
resolution at the ~10% level for zero or attractive self-
interactions. We note that the choice of box size and
periodic boundary conditions can often affect the results of
pseudospectral simulations; however, we deliberately use a
large box size to mitigate this source of error.

In future work, we plan to run more realistic ULDM
simulations focused on the astrophysical systems studied
here: SMBHs at the center of dark matter halos (similar to,
e.g., Ref. [35]) and massive satellite galaxies. An important
step in this direction will be to self-consistently model
solitons traveling through an ULDM background and,
ideally, to treat the “background” itself as an ULDM halo
(including its central soliton). Finally, we note that Ref. [34]
quantify how dynamical friction in a noninteracting ULDM
background is altered by a nonzero velocity dispersion,
which we have not modeled here. This effect also deserves a
dedicated analysis in the presence of self-interactions.
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APPENDIX A: ANALYTIC CALCULATION

Continuing our calculation of the expected dynamical
friction force in a self-interacting ULDM background from
Eq. (28), we perform an inverse Fourier transform, which
gives

1 3 ik-7
B 677/ &’k e (A1)

D=3, Gy e v @)

This leads to

167

A7) = ayarg

A ™ dkndo(FR)
o . oik:z
« /_ ik (A2)
We can evaluate the last part of the integral by writing
AR R =+ m2 o, (A3)

where m = 2k% + (£ —4) and n = k} + &k%. We have also
used k> = k% + k2. By defining

—-m+Vm?—-4n
S

(A4)
we can write the integral as
o eiicz-i
I - quﬁ
/_oo “ (Kt —4K2 + £k*)
/oo » eil;ZvZ
= dk,— = = = . (AS)
—® Z(kz _)(—)(kz +Z—)(kz _)(+>(kz +)(+)

There are four cases we need to consider to evaluate the
integral. These are when £ >4, 4 > £>0, 0 > &> —4,
and —4 > £.

1. Case 1 (€ > 4)

In this first case, the pole always exists off the real axis.
There are two contours that need to be integrated. A
schematic of the contours used for this is in Fig. 8. The
first is the z > 0 contour. We find

iy Z _ —iy_Z
x-€ X+€

230 =2

I,(2 > 0) = 2zi <— ) (A6)

For z < 0, we find

)(_e_i)”Z _ZJrei;(_Z

I,(2 <0) = —2xi (— ) (A7)

20 =21

Re

FIG. 8. Illustration of contours used for case 1.
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This can be summarized as

+e_i)(—|2‘ _)(_ei)@rz)
Wi —2%x )

1,(2) = 2zi (X (A8)

Since this expression is even in z, the contribution to the
dynamical friction force is zero.

2.Case2 4>&E>0)

There are two subcases that need to be considered for
this case. The first is when both y, and y_ are real which
happens when 0 < kg < 1 — %. The second subcase is when

2. and y_ are both imaginary which happens if kg > 1 — %,

a. Case 2(a) (0 <kg <1-9%

In this subcase, there again are two contours we need to
integrate over. A schematic of this case is shown in Fig. 9.
We have

i sin(y,7)

1,(Z>0)=2ni——>""—— (A9)
)(+(Zi —)(3)
and
_isin(y_%)
1, (2 <0)=2ni——"—~. (A10)
-0z =x%)
Putting this back into Eq. (14) gives
167 =4 .
Qg = —m[) dkRkRJO(kRR)
X (I24(2 > 0) + 1,,(Z < 0))
8 =5 - . o o sin(y,Z)
=—— dkpkpJo(krR) ——5—"—
Mg Uo rkrlo(ke );(+(2;(2++m)
=5 - . o . sin(y_%)
+ dkrkpJo(kpR) ——5——1. All
A B D
Im
Re

FIG. 9. Illustration of contours used for case 2(a).

We next change the limits of integration. kz = 0 — X =
VE=Ey =0 and kg=1-5—-y, = \/1-%5 4

=4/1- % We also write

- %m—ﬁ V62 T8
oo
2

(A12)
and
(i)
~ 2116y
dip = Fdys o . (AI3)
VBTG~ (e +22)
Multiplying dkg by kg simplifies a bit to
dkgkp = d S S (A14)
RKR X+ X+ 16)(1 = .
We now have
8 VA=E =~ sin(y, Z)
My = ——— s Ay Jo(B(E xR
2 MQl \/@ + 0( ( +) ) 4)(+
1-& - sin(y_z
[V e npe o™ EL L @)
0 4y_
Here we have defined (¢, x) as
—2x—E+/16x> + &
ple.x) = ¢ SVINEE T (ag)
By changing y.,y_ — x, this becomes
2 [VEE ~ . sin(xZ
I / axdo(pe R D A1)
2Jo X

b. Case 2(b) (kg > 1-%)

In this case, both y, and y_ are imaginary and we
have the same result as case 1. This means /,, = 0 and
thus a,, = 0.

To summarize,

2 [vAE ~ . sin(xZ
A = Qg+ Ay = _M—/ dxJo(P(&. x)R) (x2)
QJ0 x
(A18)
To find the dynamical friction force, we use
Fpg = [)/d3xa(x)(5c -V)U(x). (A19)
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In this case,

Fpp(4 > &> 0) /d3xa2 (xH V)
GM #)
Fpp(4 > £>0)
Rz =
= 2ﬂGMp7\/ dR/ dzwaz( 2)
4ﬂh3ﬁp7\
Mzgm / / dz
e .
< [ ansnpienm ™)
0 X
X { / mdxjo(ﬁ(g, x)R) cos (xz)} . (A21)
0
By defining
F =4np <GM> 2, (A22)
Urel
we obtain
FDF(4 > 5 > 0

- sin(xZ)

——Frel/ dR/ 2 7 Jo(p(&.0)R) —

Tt / dR / dz{ / = desy(p(e xRy M)

X {/0 dxJo(B(& x)R) cos (xz)}

(A23)

3.Case3 (0> E&> —-4)

There are three subcases that need to be considered for
this case. The first is when both ;(+ and y_ are real which
happens when /=& < kg < 1 — s 5 The second subcase is
when y, are real and y_ are imagmary which happens if
0 < kg < v/=&. The last case is when both ¥+ and y_ are
imaginary which happens when kg > 1 — %.

a. Case 3(a) (v -€ < l}R <1- g)
This subcase is very similar to subcase 2(a); however, the

limits on kg are different. Doing the same contour inte-
gration as in subcase 2(a), we obtain

8 1-% sin(y. 7z
(g = ——— { / dF o (RR)—SDU2)
Mg | )= 2+(Z +m)
- sin(y_Z)
+ / dkpkpdo(kxR . A24
\/—_f RR 0( R ) _(2)(% +m) ( )

Changing the limits of integration, we do kg =+/—& —

~ 2
X =VEFA =0and kg=1-5-y, =\/1-%1-=

By doing the same steps as in earlier cases, we arrive at

2 / sy e oy 0D,

a3z, = —
a MQ 0

(A25)

b. Case 3(b) (0 < kp < /=)

The schematic for this integral is given in Fig. 10. In this
subcase, the two contour integrals give

l){_ —2i
13};(Z > 0) _ 27” |:)(+ l){ SIH(X+Z):|

25300 =2
miy, e-* 2msin(y, 2)
= 7 _ .2 2 _ .2 (A26)
XX+t =x3)  xeUz—x7)
and
- . ){+e_i)(j
I3, (2 < 0) = —2xzi {——}
20 =2
miy e %% (
e T A27)
xx 2 = x%)
We can write /5, as
I3y = I3p even + 13p.0dd- (A28)

Again, the contribution from the even part is zero meaning
that

s -
Iy = - 22500 (A29)

X+ = x2)

After some manipulation, we then find

8 [V=¢ - -
a3 = MQ/) dxJo(kgR)

sin(y, Z)
X (2% +m)

(A30)

Re

FIG. 10. Illustration of contours used for case 3(b).
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We need to change the integration limits again. kz = 0 —

s = VE—E kg ==E =y, = /T Note that,
in this case, if £ > —4, y, = /& + 4; otherwise, y, = 0.
This results in

2 [VAE - sin(xZ)
SN R CERTES S

a3p = (A31)

c. Case 3(c) (I}R >1- g)

In this subcase, both y, and y_ are imaginary so the
integrals are identical to case 1. The integral is even in Z and
does not contribute.

In total, we have

a3 = 03, + a3 + 3,

- VR o (e, ) R) S
0

MQ X
2 4-¢ ~ . sin(xZ
i [ anpean ™ (a2
Mg Jyave
or
2 -z sin(xZ)
- A
w =g | e R L (as3)
which is the same expression for a,. Thus,

4. Case 4 (£ < -4)

There are two subcases that need to be looked at. The
first is when y, are real and y_ are imaginary which
happens when 0 < kr < +/—&. The second subcase is when
¥+ and y_ are imaginary which happens if kg > /=E.

a. Case 4(a) (0 < kg < /=&

This subcase is
gives 1y, = 3.

identical to subcase 3(b). This

b. Case 4(b) (kg > /=€)
Since both y, and y_ are imaginary, for the same reason
as previous cases, the contribution is zero.
In summarizing this case, we find @, = a; = a4 and

Fpp(—=4 > &) = Fpp(0 > & > —4) = Fpp(4 > £ > 0).

(A35)
5. Result
The dynamical friction force is then
o [Fi&D) + Fa(& ). if &< 4}
Fpr(&,b) = A36
wleh)={ | fila) ()

8 (szﬁ BpENRTOD a3y
and
F ~ — rel / bz 2 dz

{/\A_dﬂo(ﬁ(f R)® s EcXZ)

x {A\/delo(ﬂ(f,x)k) cos(xz)]. (A38)

Here,
252 — ——
e :\/ : Hzm’ (A39)
Frel == 471'/_7 (CU;]V{)z’ (A40)

and b is a cutoff. We need to impose a cutoff otherwise
the integral diverges. As & goes to zero, the expression
correctly approaches that in the noninteracting limit.

APPENDIX B: CONVERGENCE TESTS

We run additional simulations to verify the numerical
convergence of our results presented in Sec. I'V. We find our
fiducial results for the force of dynamical friction in a self-
interacting ULDM background do not significantly depend
on the resolution and box size.

—— Analytic Prediction
0.044 Simulation Data
= 0.034
=]
2
—
£ 0.024
(o]
[
=
0.01 1
0.00 4
0 1 2 3 4 5 6
3
FIG. 11. The predicted acceleration due to dynamical friction

from Eq. (A36) (solid blue line) and the measured acceleration in
the simulations (dotted green line) for a cutoff of b = 20. The two
values are comparable for small £ and £ > 4. However, there is a
large discrepancy between them that grows as the value of &
approaches 4.
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FIG. 12. Measured dynamical friction force versus « for a point
mass traveling through a uniform background at different
resolutions. Higher resolutions result in greater measured accel-
erations from dynamical friction. The dynamical friction forces
converge when the resolution is 256°. The dynamical friction
force measurements are closer together with more repulsive self-
interactions.

To test the effects of these parameters, we set up
simulations of a point particle traveling through a uniform
ULDM background at different resolutions and box sizes.
In each case, the mass of the particle was 4.4 x 100M o, the
initial velocity of the particle was 1.9 x 10* kms™!, the
background density was 4.0 x 107°M, pc, and x was set
to be between 0 and 3700, yielding the same range of £ as in
Sec. IVA.

We ran three sets of simulations with a box size of 15 kpc
and resolutions of 128, 256, and 384. The change in
acceleration versus & for these simulations are shown in
Fig. 12. The difference between the acceleration measure-
ments is small between the sets run at 256 and 384
resolution. All simulations in the main text use a resolution
of 256, except where explicitly noted otherwise in this
appendix.
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FIG. 13. Relative change in total energy as a function of time,
for a point mass traveling through a uniform background and
A = 0. The solid blue curve is for time step & = h,,,, defined in
Eq. (44) and used in the other simulations. The dashed orange
curve is for a smaller time step, 1 = A, /2. In both cases, energy
is conserved to one part in 10°, indicating that the time step is
sufficiently small.

We also ran one set of simulations with a resolution of
256 and a box length 30 kpc =2 x 15 kpc. The results
from this set of simulations were indistinguishable from
those where the resolution was 128 and the box size was
15 kpc. The similarity of these results confirms that Jeans
instability on the scale of the box does not affect our
simulations.

We ran simulations to check energy conservation and
that the time step of Eq. (44) is sufficiently small. The
results of this are displayed in Fig. 13. We find that energy
is conserved to one part in 10°. Furthermore, we find that
this level of energy conservation is not changed when the
time step is halved, indicating that the time step used in our
other simulations is sufficiently small.

Finally, we ran simulations to check the assumptions of
the analytic calculation in Appendix A. This calculation
makes two approximations that differ from our fiducial
simulations. First, it assumes that the velocity of the point
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FIG. 14. Top: acceleration of a point particle as a function of «

in cases where we assume the full dynamics as described in
Sec. III (dashed blue line) versus no self-gravity of the ALP field
or acceleration of the point particle, corresponding to the
assumptions of our analytic calculation in Appendix A (dotted
green line). Bottom: relative difference of the acceleration as a
function of time, as compared to the full dynamics of Sec. III
(dot-dashed orange line), with self-gravity of the ALP field but no
acceleration of the point particle (dashed blue line), and with no
self-gravity of the ALP field or acceleration of the point particle
(dotted green line). None of these differences significantly affect
the measured acceleration.

063501-15



NOAH GLENNON et al.

PHYS. REV. D 109, 063501 (2024)

particle remains constant. This is valid in the limit that the
mass contained in the gravitational wake is much smaller
than that of the point particle. In addition, the analytic
calculation assumes that the self-gravity of the ALP field
does not contribute to the growth of the wake. We checked
the validity of these assumptions by running simulations in
an alternate version of the code in which they are enforced
and comparing the output to that from the unmodified code.

Figure 14 shows the results of these checks. We found
that the relative difference in measured acceleration is
<O(107%) across the range of £ values. This is far too small
to account for the discrepancy between our analytic
predictions and fiducial simulation results, shown in
Fig. 11. Thus, these assumptions are not the reason for
the disagreement between our numerical and analytic
results in certain regions of ULDM parameter space.
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