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Kinetic relaxation and Bose-star formation in multicomponent dark matter
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Using wave kinetics, we estimate the emergence timescale of gravitating Bose-Einstein condensates/
Bose stars in the kinetic regime for a general multicomponent Schrodinger-Poisson (SP) system. We
identify some effects of the diffusion and friction pieces in the wave-kinetic Boltzmann equation (at leading
order in perturbation theory) and provide estimates for the kinetic nucleation rate of condensates. We test
our analysis using full (3 + 1)-dimensional simulations of a multicomponent SP system. With an eye
toward applications to multicomponent dark matter, we investigate two general cases in detail. First is a
massive spin-s field with N = 2s + 1 components (scalar s = 0, vector s = 1, and tensor s = 2). We find
that for a democratic population of different components, the condensation timescale is 7 ~ 79 X N,
where 7, is the condensation timescale for the scalar case. Second is the case of two scalars with different
boson masses. In this case, we map out how the condensation time depends on the ratios of their average
mass densities and boson masses, revealing competition and assistance between components, and a guide
toward which component condenses first. For instance, with m; < m, and not too disparate mass densities,
we verify that the timescale of condensation of the first species quickly becomes independent of m,/m,
whereas for equal average number densities, the emergence timescale decreases with increasing m,/m;.
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I. INTRODUCTION

Sufficiently light bosonic dark matter leads to a plethora
of wave phenomenon (see Refs. [1,2] for recent reviews),
including the condensation of Bose stars in the kinetic
regime via gravitational interactions. In an elegant paper [3],
Levkov, Panin, and Tkachev provide numerical simulations
and an analytic estimate of the condensation timescale in the
case of a single scalar field. (Also, see Refs. [4-7] for related
recent analyses and some applications to astrophysical
settings.) These analyses were carried out using a single-
component, nonrelativistic Schrodinger-Poisson system.

In this paper, we investigate kinetic condensation in a
multicomponent Schrodinger-Poisson system, where each
component can have equal or different boson mass and
mass density, and we explore the nature of nucleated boson
stars. Such multicomponent SP systems naturally describe
(2s + 1)-component spin-s bosonic dark matter (s = 1 for
vector and s = 2 for tensor dark matter), or the case when
dark matter consists of a collection of scalar fields.

Nonrelativistic Bose stars/solitons in spin-s fields, where
s > 0, have been recently studied in the literature [8—10].
Such solitons can carry macroscopic intrinsic spin angular
momentum [10] (unlike “hedgehog”-like Proca stars [11]),
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which can in turn lead to novel observational effects [12,13].
The s = 0 case has, of course, been explored for several
decades [14] (see Ref. [15] for a review). For s = 1, the
solitons have been seen to form due to gravitational
interactions from cosmological initial conditions [16],
and also from mergers of halos/solitons [17]. However,
their emergence via condensation in the kinetic regime has
not been explored before. Similarly, solitons in dark matter
made up of multiple scalar fields (with different, but
comparable, boson masses), have been investigated in the
literature, especially in the context of core profiles [18-21].
However, their formation via kinetic relaxation has not been
investigated. We hope that our work sheds light on this
subject, and that it will be useful for exploring their
observational implications.

Starting with the multicomponent SP system, we derive
the wave-kinetic/Boltzmann equation valid in the kinetic
regime. Under an eikonal approximation (small-scattering-
angle limit), the system simplifies considerably, which,
upon rewriting in the Fokker-Planck form, reveals the
diffusion and friction terms. For the purpose of condensate
nucleation, we focus on the behavior of the distribution
function at vanishing momenta. We provide a set of coupled
ordinary differential equations for their evolution, and also
estimate an initial-condition-based condensation rate.

As a consequence, we find that for a spin-s system with
N =25+ 1 components (necessarily with equal boson
masses for each component), and with statistically equiv-
alent initial conditions, the timescale of condensation scales

© 2023 American Physical Society
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with the number of components. On the other hand, for a
two-component system, with potentially different mass
densities and boson masses, we map out the landscape of
condensation times, revealing, for example, the regime in
which condensation time becomes independent of the ratio
of boson masses, and that in which condensation times are
determined by the heavier or lighter component.

We carry out a suite (~100) of three-dimensional
numerical simulations of the multicomponent SP system
to explore the domain of validity of our estimates. We find
that the results are in general agreement with the analytic
estimates.

The rest of the paper is organized as follows: In Sec. 1I,
we describe the general model of multicomponent dark
matter with only gravitational self-interactions. Leaving
details of the derivation of multicomponent wave kinetic
equation for Appendix A, and its subsequent reduction in
the eikonal approximation for Appendix B, in Sec. III, we
discuss the general structure of the Boltzmann/Fokker-
Planck equation for our multicomponent SP system. We
provide estimates of the rate of change of distribution
functions at vanishing momenta, which are relevant for the
nucleation timescales of gravitating condensates. In the
subsequent Secs. III A and III B, we specialize to the two
cases of interest mentioned above, discuss the simulation
results, and provide comparisons with analytical estimates.
Finally, in Sec. IV, we summarize our work. Details of
numerical simulations are provided in Appendix C.

Conventions: Unless stated otherwise, we will work in
units where 4 =c = 1.

II. MODEL

We are interested in sufficiently subhorizon dynamics,
and hence ignore Hubble expansion. In this case, the
dynamics of the multicomponent dark matter field is
described by the following nonrelativistic Schrodinger-
Poisson (SP) system of equations:
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components of a spin-s field. Here, ranges from 1 to
N = 2s + 1. In this case, the above system has a U(2s + 1)
symmetry, leading to conservation of extra charges (apart
from mass conservation within each component) such as
isospin and/or spin [10].

More generally, each component y, can have a different
mass, in which case each component represents a collection
of scalar particles (distinct from other components).
Correspondingly, owing to a separate U(1) symmetry in
each scalar sector, the total number of particles within each
sector is conserved.

We are interested in kinetic relaxation/condensation. In
the kinetic regime, the timescales of interactions are much
longer than the oscillation time of the free waves. In
addition, the wavelengths are much smaller than the size
of the system under consideration. Physically, this trans-
lates to having the dark matter halo size much larger than
the de Broglie scale for the dark matter field.

III. KINETIC RELAXATION

A formal estimate for the timescale of Bose-Einstein
condensation in the kinetic regime may be obtained by
means of the wave kinetic equation, which can be obtained
from Eq. (1). While we derive a general multicomponent
wave kinetic equation (with arbitrary two-body interaction)
using a random phase approximation in Appendix A, for our
purposes in the present paper, we are only interested in
gravitational interactions. In this case, the wave kinetic
equation for the occupation number function f} m, =
k. |2 for species “a” takes the following form:

Vb| |:(fk/m + fb/mb)ff/ma q/my, (ft’/m +f /mb>fk/maf /m[,:|
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Here, v, and ¥;, are incoming “velocities” for the species
“a” and “b” carrying momentum k = m,v, and p = m,¥,,
respectively, and p. = m.(2z)™ [dk f¢ is the average
mass density for any cth species. Also, EX = k?/2m,, is
the free wave dispersion relation, and the quantity
dog, 1p,—q,+¢, 1s the differential cross section for the

L b
k=2 k- qI2
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process k, +p, = q, +¢,. The summation over “b”
simply reflects the fact that any species “a” gravitationally
interacts with all the other species (1nclud1ng species “a”
itself) and can be readily contrasted with a single species/
scalar case. Also note the term « J,, in the differential

cross section, which can be readily interpreted as an
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interference between the u and ¢ interaction channels.’
Furthermore, the above wave-kinetic equation can be
contrasted with its “non-wave-like” counterpart (i.e., the
usual kinetic equation for point-like particles): The bracket
terms carrying the sums of occupation number functions
are simply unity in the latter case.

In general, on account of interactions, waves exchange
energy, and the occupation number function evolves with the
characteristic time of this evolution being ~(d log f/dt)~!
(for every species). As a result, an important phenomenon of
“condensation” can occur. As we shall see explicitly for the
case of gravity, the occupation number function for the
condensing species develops an increasing support over
smaller k values. Once enough support is developed, the
gravitational potential energy of such waves becomes
capable of balancing their own gradient pressure within a
region, hence the emergence/nucleation of a soliton-like
object.2 In order to make analytical progress for the
estimation of this condensation rate, we work with an
eikonal approximation, where the change in relative veloc-
ities of the outgoing waves is assumed to be small (as
compared to the relative velocities of the incoming waves).
Leaving a detailed calculation for Appendix B, the wave-
kinetic Boltzmann equation reduces to the following Fokker-
Planck form at leading-order perturbation theory:

af¢ A (4zm, m;,G)?
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Here, we have relabeled the occupation number func-
tions using “velocity” vectors, with v, = k,/m, being the
incoming velocity vector for the a species, and ¥, being the
velocity vector for the incoming b species, giving u =
v, — ¥, as the relative velocity between the two. Also, A is
the Coulomb logarithm (whose appearance in cross section
for long-range 1/ force is expected; see Appendix B for
details). Equation (3) is our master Boltzmann equation

'This interference term gives negligible contribution in the
eikonal/small-angle approximation (relevant for long-range inter-
actions), but it could become important for other (e.g., short-
range) interactions. See Appendix B for details.

Note that in general, the existence of a spatially localized
condensate relies on there being an attractive interaction that can
counterbalance the gradient pressure (and/or repulsive self-
interaction). See, for example, Ref. [22] for an analysis.

(under the small-angle approximation), which dictates the
evolution of the occupation number functions.”

The two terms on the right-hand side of the Fokker-
Planck equation (3) are conveniently understood by means
of the (velocity-dependent) diffusion and friction coeffi-
cients D“]” and F¢ ab_ respectively. For an interaction of
wave type “a” w1th wave type “b,” a physical effect of the
diffusion term is to decrease the occupation number
function f7 at places where it is convex, while increasing
it at places where it is concave (in the plane perpendicular
to u, with “sheer stress” of the form ~1/u). On the other
hand, an effect of the friction term is to enhance f7} due to
the “friction force” ~1/u” being directed toward v,.
Specifically, V, F¢ includes 4zf¢ fv /(2x)°, which,
together with the factor of f§ /m,,, may be regarded as
a positive definite source term for the evolution of f7 . This
heuristic understanding is similar to the non-wave-like/
particle-like case, albeit with the crucial difference of there
being extra factors of fé’h and f7 in the diffusion and
friction terms, respectively, due to wave dynamics. These
extra terms, sometimes referred to as Bose enhancement
factors, have an important role to play in the nucleation of
condensates.

We note that the above understanding of these effects of
the diffusion and friction terms, and a subsequent nucleation
of a condensate, is reflected in a preliminary calculation of
moments of the distribution function f7 . For instance, even
for a single-species case, assuming a Gaussian initial ansatz
for the distribution function [cf. Eq. (7) ahead], we calculate
the rate of change of different moments at the initial instant.
We find that while d(v,)/dt|,_, < 0, d(v?)/dt|,_, > O for
n > 3, with d(v2)/dt|,_, = 0 being the boundary case. This
indicates that the evolution of £, is such that it tries to break
into a condensate part where the friction dominates over
diffusion (developing increasing support toward smaller
velocities), and a remaining part where this may not be true.

For the purposes of condensate/soliton nucleation within
any species “a,” we may therefore focus on the behavior of
its occupation number function at small velocities—i.e., the

quantity lim, _o df due to all the other species (including
itself) in the bath. (We, of course, do not make the same
assumption about the species being integrated over.) We
assume homogeneity and isotropy (until the nucleation of
the condensate) along with an assumption of quadratic
functional dependence of occupation number functions at
small velocities. Under these assumptions, the diffusion

piece Vi Vi f5 |, 0 =~ —PB.5if§/03%, leading the sub-

sequent velocity integral to be D”b6 — 2 x 2703 (p2/
mbab)ﬂ’ Here, o, characterizes the 1n1t1al Gaussian width

The wave-kinetic equation differs from the usual (nonwave-
like/particle) counterpart: the extra factors of f” and f} in the
diffusion and friction coefficients are absent in the latter.
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of the distributions, and p;, is the spatially averaged mass
density of species b. Also, 3, parametrizes deviations from
Gaussianity of the ratio of the curvature of f3 versus f5
(measured in units of ¢,,), while £} characterizes deviations
from Gaussianity of the full integral’ in D§}. For the
relevant piece in the friction term, we simply have
(V, Feb)fo — 4n(27)7 £ (f§)?. Furthermore, to extract
overall scalings of the distribution function f g, we define a
function g¢,(¢) such that

HOE

p
(2”)3/2 41;3 X gb(t)9 (4)
b®b

where ¢, (t) carries all the time dependence of the distri-
bution function near small velocities, with g,(t =0) = 1.
With these replacements, we finally arrive at the following:

A, (472G)*p [ p

ga = Eb:bgoggz)p |:2 pl; 9a9p — ﬁab gm (5)
where we have combined 3, and p, into a single f,,,. As a
quick exercise for a single species, we can solve this
differential equation and take the time when g changes
significantly as an estimate for the nucleation time of the
condensate. Denoting 7., = 2m>6®/(A(47G)*p?), we get
g—Tgr (29 ﬁg)’ which glVCS TONTgrlog(2/ (Z—ﬂ))/(Zﬁ)
under the assumption of f = const (and where 7, is the
time when g — o).

For concreteness, we also evaluate the above rate of
change at the initial instant, I', = dlog g,/dt|,_y:

Fa=ZW[ ~ B ””"] (6)

- 20(,0?7 mi oy,

where the f parameters are simply informed by the initial
condition, and we take this as an estimate for the rate of
condensate nucleation’—the corresponding time, of course,
being 7, ~I';!. Once again, for a single-component case
with the initial condition given below in Eq. (7), we
get 7g ~ Ty

From the above estimates for the single-component case,
the condensation time scales with relevant parameters
similar to those in Ref. [3], but the numerical factors are
not identical. Our estimate is based on using Gaussian
initial conditions to calculate the right-hand side of Eq. (3)
explicitly, near vanishing momenta. To the best of our

*While it is in general time dependent, we expect the time
variation of both £} and B, to not be too significant throughout
most of the evolution of the occupation number functions before
the nucleation of condensates.

Note that for a Gaussian initial ansatz (7), Pa, =1 at the
initial instant.

understanding, authors in Ref. [3] replace derivatives,
integration measures, relative velocities and occupation
number functions with respective scalings in Eq. (3)
(specialized to a single component). They then fit an
order-unity coefficient which depends on initial conditions
from simulations. We thus expect the scalings to match, but
not the explicit numerical factors. With multiple species,
however, the scaling with densities, boson masses, and
initial velocity dispersions becomes nontrivial, and one
needs to keep track of differences arising from the friction
and diffusion terms.

Before moving on, we would like to caution the reader
that Eqgs. (5) and (6) are not the most general equations that
capture the behavior of amy distribution function f at
vanishing momenta, at all times and at the initial instant,
respectively. They only apply in so far as the leading
dependence of f on momenta is quadratic (at small
momenta). On the contrary, the Boltzmann equation (3),
of course, contains all the necessary details (in the leading-
order perturbation theory).

For simulations, in this paper we shall focus on two
different scenarios: First, we will consider a spin-s field
with N =25+ 1 components, with the boson mass for
each component being equal. The other case would be the
opposite scenario, where the different components are
simply scalar fields and therefore have naturally different
masses. For example, this could be the case of dark matter
comprising axiverse axions [23]. For this multiscalar case,
we shall only consider the two-component case in detail.
Next, owing to violent relaxation in the physical case of
dark matter physics, we shall assume that all the compo-
nents have the same characteristic velocity. For simulation
purposes, we numerically evolve the SP system [Eq. (1)],
with the following initial distribution/occupation number
function for every ath species6:

)32
@) "ha_, ¥, (7)

a|  — |ga =
fva|t_0 ‘ k/ma |t—0 ma(mao_a)3
with 6, = o for every species, and random phases for every
wave number (for each species). The details of the initial

conditions are provided in Appendix C.

A. Equal-mass, spin-s case

First, we consider the case of a spin-s field with N =
2s + 1 components, for which all the components have the
same mass m. Assuming equipartition of mass density—i.e.,
thatp, = p/(2s + 1) for all components, where j is the total

®Note that the initial conditions used by Ref. [3], for the scalar
s = 0 case, differ by 6 - o/ /2. Also note that while we do not
discuss initial conditions that are Dirac-Delta functions in
velocity space at finite ¢ (as investigated by Ref. [3]), we briefly
mention what we see in some sample simulations in Appendix C,
and how it relates to the discussion in this section.
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average mass density—along with equal velocity dispersion
o for all components, the evolution equation [cf. Eq. (5)] for
any component becomes’ §= e (29° = Bg)/(2s + 1).
Notice that the only difference as compared to the scalar
(s = 0) case is that we have democratically populated all the
components, giving rise to an overall p*/(2s + 1)? factor,
and a 25 + 1 factor owing to the summation over the 2s + 1
components (due to universality of gravity). The net result is
a 1/(2s+1) factor in the rate of kinetic relaxation.
Equivalently, the rate defined in Eq. (6) evaluates to
Iy =To/(2s+1). The time of condensate nucleation
(within any component) is therefore estimated as

T(s) ~ 70(2s + 1). (8)

To verify the above prediction, we have performed ~50
simulations for s =0, 1, and 2 (corresponding to scalar,
vector and tensor wave-like dark matter).® We provide
necessary details of the actual simulations in Appendix C.
Figure 1 shows our simulation results along with compar-
isons with analytics. The densities are normalized by
(6°m/\/G)?, and length scales by 1/(mo).

For simulations, we take the condensation time to be the
time when there is a characteristic change in slope (on a
log-log scale) of the maximum density in the simulation
volume vs time. Note that the 7, used to normalize the time
axis in the top panel of Fig. 1 is extracted from simulations
for the scalar case, chosen to highlight the scaling of the
condensation time with the number of components.

The density in the box at initial times and after the soliton
is reasonably well formed (we decided this based on a fixed-
density threshold p,,,, = 1) are also shown in the lower
panels. The soliton profile in total density shows good
agreement with theoretical expectations [10]. We also keep
track of densities in individual components of the fields. For
the multicomponent cases (in particular, the tensor one), not
all components have the same shape of the density profile at
the final snapshot shown. We see an increasing approach to
similar profile shapes as time progresses, and the agreement
of the soliton profile with the theoretically expected one
improves. Note the reduced interference effects (seen as less
contrast in the colors, but the length scale of the patterns
remains the same) in the initial conditions or in the patterns
away from the soliton, as expected from Ref. [17]. The same
phenomenon was also seen in Ref. [25]. The amplitude and
length scale of interference patterns have been used to
constrain the mass of ultralight dark matter [26-28].

Furthermore, we calculate the spin densities (see
Refs. [10,17]) of the condensates at final times in the

7Here, we have assumed that all the f factors are same, owing
to democratic initial conditions.

To verify the robustness of our scaling result z ~ 7y N, we also
performed ~10 simulations for N = 2 and N = 4 cases.
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FIG. 1. Top panel: Maximum density in the simulation volume
as a function of time for scalar (s = 0), vector (s = 1), and tensor
fields (s = 2). The condensation time scales with the number of
components of the field as 7,y ~ 7o x N, where N = 2s + 1. The
simulated data include 14 simulations for s = 0, 1, 2 each. For
visual clarity, the outputs shown are significantly undersampled
compared to what is available from our simulations. Lower panels:
In each row (corresponding to scalar, vector, and tensor fields,
respectively), the first two panels show a projection of the mass
density of the spin-s field at initial and final times, while the third
panel provides the radial profile of the mass density (the solid line
is the expected soliton profile) at the final time. Some simulation
animations are available in the Supplemental Material [24].

respective simulation sets. We show spin density plots for
the two cases in Fig. 2. Note that the solitons that form have
significant spin/boson at the end of the simulation.

B. Unequal masses: Multiple scalars

Here, the different components are scalars with different
masses. Focusing on the case of a two-component scalar
dark matter but with the same characteristic velocity across
each species [cf. Eq (7) with 6, = o for both @ = 1 and 2],
we have from Eq. (5)
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FIG. 2. The simulation snapshots in the top and bottom rows
show the initial and final projections of the magnitude of the spin
density for vector and tensor cases, respectively. The rightmost
column shows the radial profile of the magnitude of the spin
density at the final time. Note that spin accumulates with the
density (compare with the bottom two rows of Fig. 1). Restoring
factors of 7, the spin per boson in the simulation volume is
O(1072)A, whereas in the core it concentrates to O(1)#. Unlike
the magnitude of the radial spin density profile, spin in the core
and in the simulation volume is obtained by vector summation of
spin density at each location.

.1 y?
g1 =— (291(91 +39) = P — Pz x—3>91,

Tgr

.1 2yg (g1 + vy y?

92 = (—2( 13 2) =P —ﬂ22—3 92, (9)
Tor X X

where we have defined m; = m, m, = xm, and p, = p,
pa = yp, and also recall that 7, = 2m’6°®/(A(47G)*p?).
While in principle it is possible to estimate the  parameters
with the aid of a suite of simulations (under the assumption
of them being more or less time-independent), we do not
perform this exercise in this paper. To get reasonable
analytical insights, we rather work with the initial rate
given by Eq. (6). With Gaussian initial conditions (i.e.,
p=1), we get

L' y?
=201 +y)-1-=
1 2 (( +y) x3 ’
r 2 2
r=—d (—§<1 +3)-1 —y—3), (10)
X X

where 'y} =T, ,—;, with the corresponding times for
each component being 7,/7,; ~I';;/T’,. Note that in the
above, we have ignored Coulomb log factors which would
appear when masses are unequal. We use this estimate
(plotted in the left panel in Fig. 5) to compare with a suite of
simulations (right panel). In what is discussed below, we
always keep the mass of the first component (m; = m) and

its density (p; = p) fixed, while the same for the second
component are varied using x, y > 1.

Based on our simulations, we provide the behavior of
maximum density vs time, and the density snapshots and
profiles of the nucleated solitons for equal-mass-density
and equal-number-density cases are given in Figs. 3 and 4,
respectively. We provide a more statistical viewpoint of the
condensation times in the table in Fig. 5. In that table, we
summarize our numerical findings for various values of x
and y. We carried out 5 sets of 9 (in total 45) simulations to
explore the dependence on mass densities and masses. We
have provided both the average and the standard deviation
resulting from different initial “seeds” (different random
phases) for each x and y value.

Some of the results are as follows:

(1) For equal mass densities, y = p,/p; = 1, our esti-
mate indicates that a condensate nucleates in the
lighter field, with its time of condensation eventually
becoming independent of x = m,/m; > 1, and ap-
proximately equal to 7; ;. This behavior is seen in

100: mie o Mg =15m
E 1 2 1
F my e mo = 2my
my e my = 2.5my
%
E
Y 107!

t/Tm1 =mg

E p1
L
my ma = 2Mj =
-1 0 1
b1y st b1y =1 10 10 10
T —
FIG. 3. Two-component simulations with equal mass density in

each component, but different boson masses. The boson mass and
mass density of the first component are held fixed. Top panel:
Maximum density of each component of the field as a function of
time in the simulation volume. Three simulations are shown, each
with a different ratio of boson masses between the two compo-
nents. The transparent version of each color corresponds to the
heavier component. Note that there is no significant dependence
of the condensation time on the mass ratios considered here. Also
note the slower accumulation rate at late times for the heavier
component. Bottom panel: The first two panels show the final
projected densities in the lighter and heavier components,
whereas the third panel shows their radial profiles. The heavier
component is accumulating around the condensed lighter one.
Some simulation animations are available in the Supplemental
Material [24].
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my e me = 2my

mo = 2my

il \

107! 109 10!
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b |1 a1 U1 max=1

FIG. 4. Two-component simulations with equal number density
in each component, but different boson masses. The boson mass
and mass density of the first component are held fixed. Top panel:
Two simulations are shown, each with a different ratio of boson
masses between the two components. The transparent version of
each color corresponds to the heavier component. In contrast with
the equal mass density case, the condensation time decreases with
increasing m,/m,. Bottom panel: The first two panels show final
projected densities in the lighter and heavier components,
whereas the third panel shows their radial profiles. Note that
the difference in initial mass densities between the two compo-
nents is still visible at large radii from the soliton’s center.

the top panel of Fig. 3, as well as the bottom row of
the right panel in Fig. 5.

(2) Forequal number densities between the two species—
i.e., along the y = x line—it is still the first species
that forms a condensate, but the timescale of its
nucleation decreases as ~7; ;/x. This is again seen
in the top panel of Fig. 4 and the diagonal of the table
in Fig. 5.

(3) For equal masses (x = 1) but unequal mass densities
(y > 1), we can see that now it is the second species
within which a condensate nucleates first, with its
time of emergence eventually scaling as ~7; /y°.
We verify this trend in the first column of the table
in Fig. 5.

(4) Finally, Eq. (10) reveals a dividing curve y = x3. To
the left of this curve, the second component con-
denses faster, and to the right, the first component
condenses first (see left panel of Fig. 5). For a
constant y, to the left of y =x3 the time of
condensation of the heavier species increases with
x, whereas that of the lighter one decreases,
eventually crossing at y = x3. To the right of this
line, the condensation time of the lighter species
decreases but approaches a constant rapidly. We see
this qualitatively in some of our simulations, with

0.04 0.08 0.08

2) 0.23 | 0.46 | 0.46

0.08 0.16 0.07

1.5 | 0.43 | 0.63 | 0.65

0.00 0.25 0.18

i 1.0 | 0.93 | 0.96

e 1 | 15| 2

my
1.0 1.5 2.0
ma/miy
FIG. 5. Left panel: Analytical estimate for the timescale of

emergence in two component systems with different boson masses
and average mass densities, based on the initial kinetic relaxation
rate Eq. (10). To the right of the dotted line, the component with
boson mass m; condenses first, whereas to the left of the dotted
line, the component with boson mass m, condenses first. Times
are normalized by the equal-density, equal-boson-mass case. We
vary m, and p,, keeping m; and p; fixed. Right table/panel:
Condensation times (normalized by 7, ; for each simulation set)
extracted from numerical simulations. For each {p,/p,, m>/m}
point, we have averaged over five simulation runs with two
different values of p;. The qualitative trends with density and mass
ratios match the theoretical expectations.

y ~ x> providing a rough guide for this change in
behavior.

In the above analysis of the simulations, we kept the
mass and density of the lighter component fixed, and we
varied the mass and density of the heavier component. One
can, of course, also keep the total density fixed (as we did in
the spin-s case). In this case, we can parametrize p; = Yp
and p, = (1 —Y)p, modifying the dividing line between
which a component condenses as ¥ = 1/(1 + x*). The rest
of the analysis is straightforward to carry out based on the
initial rate equation.

IV. SUMMARY

In this paper, we investigated kinetic relaxation in a
multicomponent Schrodinger-Poisson (SP) system and the
nucleation of solitons. Starting with an N-component SP
system, with each component potentially having a different
boson mass, we derived a Boltzmann equation in Fourier
space for the occupation number function for each com-
ponent (valid in the kinetic regime). Writing the Boltzmann
equation in the Fokker-Planck form where the contributions
from diffusion and friction terms become apparent, we
discussed how the occupation number function for the
condensing species evolves with time, with specific focus
on its growth at vanishing momenta, which is relevant for
the nucleation of condensates.

While we do not pursue numerical evolution of the
coupled set of the Boltzmann equation, we analyze its
basic structure at small momenta (assuming quadratic
functional dependence on the momenta), and we provide
a coupled set of ODEs for the evolution of the occupation
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number functions. This gives us a way to estimate the
timescales of soliton nucleation. To analyze our estimates,
we also performed full (3 + 1)-dimensional simulations of
the multicomponent SP system. For the purposes of
simulations, we considered initial conditions where the
initial field amplitudes (in Fourier space) had a Maxwell-
Boltzmann-like distribution with random phases. This was
meant to mimic conditions inside halos.

We have focused on two broad scenarios, for which we
analyze the results and comparisons with analytic esti-
mates below:

(1) For the case of a massive spin-s field, where the
number of components N = 2s + 1, each compo-
nent naturally has the same boson mass. Starting
with democratic initial conditions—i.e., the same
average mass density in each component and equal
velocity dispersion—we analytically estimate and
numerically verify that the timescale of condensa-
tion goes as 7, ~ N7y, where 7, is the time of
condensation for the single-component case. Thus,
under these initial conditions, solitons emerge later
in higher-spin fields. Moreover, and as expected, we
found that the spin density accumulates in the cores
with spin magnitude per boson ~O(1) even when
starting with negligible initial spin magnitude/bo-
sons in the system.

(2) The second case we considered was a two-
component system with different (but comparable)
boson masses and average mass densities, and equal
velocity dispersion. In general, the mass density of
each component, and the corresponding boson mass,
can impact the condensation timescale. Our analysis
of the condensation rate based on initial conditions
allowed us to estimate the timescale for condensa-
tion in this general scenario and delineate regions in
parameter space where one component condenses
before the other. For a list of our results in this case,
see the summary of results in Sec. III B.

We expect that our analysis of condensation rates and
soliton formation in multicomponent SP systems in the
kinetic regime should be useful for understanding the
implications of such processes in cosmological and astro-
physical settings. The formation rates depend mainly on
“local” conditions such as the density and velocity
dispersion; however, these in turn can be affected by the
dark matter formation mechanism, including features in the
density power spectrum at small scales (see, for example,
Refs. [29-38]). Such features in the power spectrum are
generic in most postinflationary production scenarios of
light dark matter [39], and they are present in many
inflationary ones as well (see, for example, Ref. [30]).

We have focused on condensation via gravitational
interactions alone in this paper. A natural generalization
is to include nongravitational self-interactions, especially
in the case of a single spin-1 field which admits attractive

self-interactions in the Higgs phase, or a non-Abelian
spin-1 set of fields which also admit repulsive self-
interactions apart from the Higgs-induced attractive
ones [40,41]. Related work on kinetic Bose condensation
in a single scalar field was performed in Refs. [42—-44].
In an upcoming publication, we will investigate the impact
of such self-interactions on kinetic condensation time-
scales in the multicomponent case.
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Note added.—We note that another paper [45] appeared on
the arXiv concurrently with this one, exploring the kinetic
condensation in nonrelativistic vector DM. Their numerical
results agree with our general results where there is overlap.
(For their uncorrelated case, see our Sec. III A.) For their
“correlated” case (which is equivalent to a lesser number of
uncorrelated/statistically independent components with
different average number densities), see the end of our
Sec. I B.

APPENDIX A: WAVE KINETIC EQUATION
FOR ARBITRARY 2 — 2 MULTICOMPONENT
WAVE INTERACTIONS

In this appendix, we derive the wave Kkinetic
equation for multicomponent Schrodinger (nonrelativis-
tic) systems with arbitrary two-body scattering inter-
actions. See Ref. [46] for a discussion for a single
species of waves. In our derivation, we work with a finite
box of volume V and hence a discrete set of k values, and
only toward the end of the calculation shall we take the
continuous limit. Using the Fourier decomposition
we(x, 1) = V7123 e7**Wa(1), the Schrodinger equa-
tion takes the following general form in k space:

aT a a a 1 a C, * C

Wy = Eg¥; + % Zékw—q—fZ{Tkﬁ’q,gng qulg}’
gt b.c.d

(A1)

where E{ = k?/2m, is the free wave dispersion relation
(for every species “a”). The quantity 7 ,“C_';’:;_'Z is the form
factor (of mass dimension —2) that governs the structure of
self-interactions, and has the following two properties:
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a,b,c,dx d,c,b,a
Tkpqt’ Tt’qpk’
a,b,c.d b,a.d,c
Tkqu Tpkt’q (AZ)

Both of these can be obtained by noting that the inter-
action Hamiltonian has the structure

Hiy = Z Z 5k+p —q- t’Tltjll;;;lPa*\Pb*lPﬂPd (A3)

ubcdkqu

The realness of the Hamiltonian enforces the first prop-
erty, whereas the symmetry under the interchange of both
incoming (a, b) and outgoing (c, d) species, carrying
momenta (k, p) and (g, ©), respectively, enforces the
second property.

Breaking up the Fourier field W into an occupation

number function f and a phase function 6—i.e., ¥} =
V/fie %—Eq. (Al) gives
a,b,c.d ah,c,d
zékﬂHI '/"Z‘S [Tkpqt’ kpq,t’}’
pqt’ b.c.d
bed gab.cd
13 =3 Bpgee SN[ TietAzted] 4 ek
pqt’ b.c.d
(A4)
where
WD = [y
PYq AE+1€ fk Py
11
M > Spiktorke O |
ki ky ks ay,ay,as
11
f‘I ky .k ks ajy,a,az
11

ft’ ky ks ks ay,as,az

where AE = E¢ + Eb — ES — E4, and we have added a
+ie to regulate the divergence when AE = 0. The sign
can be obtained by requiring that free waves die out in
the infinite past. Another equivalent way is to consider
adiabatic turning on of the interactions as time goes
on. Using the definition in Eq. (A5) and the identity
(due to uncorrelated statistics owing to random phase
approximation)

d,ay,a,,a3 d,ay,a,,ay pqa,b,c.d
Tfk kz kg <'Af.k] ,kz .k3 ‘Ak,p,qf> ’

ab,c,d
'Akpqt’

qju*lpb*qjc \Pd /fzfgf;fd[ei(@f—ké‘,’f—&;—ﬂg).

(AS)

Note that f§(¢) is nothing but the Fourier transform of the
two-point correlation function [ dyy“(x, 1)*w®(x +y,1).

Now, we wish to obtain an equation for the occupation
number function alone. We will work in the small-
interaction regime, where the typical timescale of oscillation
of a single free “a”-type wave, f,.. = 2m,/ k?, is very small
as compared to the timescales associated with self-
interactions. More formally, we impose |¢& . d{f*,0°}""!/
drt| < |d{f*,0}"/dt"| consistently for all n > 0, for all
species. Here, n would dictate the order in our perturbation
scheme.

Small interactions further dictate that since the free wave
dispersion relation holds at leading order, phases 0}
randomize over time irrespectively of whether they were
initially correlated or not. Hence, for timescales much
longer than 7y, it is sufficient to work within the random
phase approximation regime, where phases are taken to be
uncorrelated. Representing integration over phases by bra-

kets, at leading (n = 0) order we require (/%% ~0a02)) —

8% By 46718, ¢ + 5“5y ¢85, 1o obtain  (ALTC4) in
Eq. (AS), which ultimately fetches ¢ = 0. Therefore, we
need to go to the next order (n = 1) to capture effects due to
interactions. This requires setting the time derivative of A in
Eq. (AY), after using the equations of motion [Eq. (A4)] and

then integrating out the phases, to zero. This exercise yields

a,ay,a,,ay* a,ay,a,azx qa,b,c.d
E 5k+k,—k2—kg E {Tk Ky ko Ky <Ak,k1,k2,k3 Akp q. f>}
ay,ap,as
b.,ay,ay,az% b,ai,ar,az* pa.b,c.d
Tp ky Joo Jes <Ap,k] Jo ks Akp,q,t’>

c,ay,ay,a3 c,ay,ap,a3 pa,b,c,d
E : 5q+k|—kz—k3 § : {Tq.k],kz.k3 <Aq,k1,k2.k3 Akqu>}

B7RY > Seikikaky D {

(A6)

|
<ei(a;; ~05=04—0,! +0,2+6,) )
= 578 (6745 k, 628k, k, + O s, 020k, 1y 61 4)
+ 6798, (580 1,66k, i, + 4k, 07" B, 1,67)
+ 5718,k (5708, 1,67 8p k, + Sq 1,078 x,6%%),
(A7)
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we get

—Otp—g—£
Aabedy . " Okip—q-t_ [(
Aepae) V(AE + ic)
o (Thped + Thude) fifard
,d,b, Jd,a,b
— (Tosha+ Tedio) rifurs

~(Téopi Tegy ) i),

a.b.c,dx a,b.d,cx \ rb r£c £d
Tipar *Tiprq )fpqut’

(A8)

We note that only the last line in the identity [Eq. (A7)] ends
up contributing [on account of the general properties in
Eq. (A2) of the form factor 7]. Extraction of the imaginary
part of the above expression [needed for f as in Eq. (A4)]
may be most easily done by going to the continuous regime.
With Y~ — V(27)7 [dk and &, — V' (27)’5*(k — p),
along with using J(x + ie)™' = —z8(x) to regulate the
divergence, we get

13 [t yeaselva =5l [+ 5938 = i+ FSLAE] e

b,c,d
d dg d¢ 1
o N = po
kotpy—q.+%4 (2ﬂ)3 (2ﬂ)3 |Va _ Vb|

kp.gqt

Here, we have defined incoming “velocities” v, = k/m,,
and 9, = p/m,, and also used Eq. (A2) to rewrite form
factors to give a compact structure in terms of the differ-
ential cross section. Equation (A9) is the master wave
kinetic equation for anmy multicomponent Schrodinger
system with two-body self-interactions dictated by the
form factor 7 [cf. Eq. (A3)]. For our purposes in this
paper, we only focus on gravitational interactions, for
which

Tibed — —(4nG)m,my, 6,k — €] (A10)

Using this in Eq. (A9) gives Eq. (2) presented in the
main text.

a,b,c,d a,b,c.d a,b,d,c
TiparTipge T Thpta

)*(2x)*6® (k+p—q—€)5(E¢ + E, —ES —EY).  (A9)

APPENDIX B: COLLISION INTEGRAL
IN THE EIKONAL APPROXIMATION

In order to get analytical insights, we approximate the
collision term in the Boltzmann equation, in an eikonal
approximation. Starting from the wave kinetic equation (2),
we first massage it into a more digestible form by working
with relative velocities. For this purpose, let us redefine
P _ k ¢

P —k _y and L =% —y', where u and uw' are the
my, m, my, m,

relative velocity vectors before and after the interaction
process k, +p, — €, + q,. It also becomes apparent that
the magnitude of the relative velocity does not change
during the process (a general property of two-body elastic
collisions), in practice enforced by energy conservation.
Integration over ¢ and |u’| yields

afs dQ, duu? . . . .
ot = ;mz / A7 272:2 dou [( Va + fflfb)fva-s—w/mafgb—w/mb - (fva+w/ma + fgb—w/mb) Va flfb} ’
dQ, (4zm,m,G)? [ 1 P
here do = . B1
where Co = A — P\ A | W + A (B1)

Here, v, = k/m, is the velocity vector for incoming wave
type a, v, = v, —un is the velocity vector for incoming
wave type b, and i1, i’ are unit vectors in the directions of u
and u', respectively (with Q,, Q, being the associated
angular integral measures). Furthermore, with u =
mgmy/(m, + my) as the reduced mass, w = pu(i' — i)
is the change in the momentum of species a on account of
interaction (before and after). Finally, for convenience, we
have rescaled the occupation number functions by the
respective masses (rendering them functions of velocities).

The above simplification is a reflection of the fact
that in any elastic collision, only the direction of the
relative velocity changes. To progress further, since the
differential cross section is dominated by small values of
|’ —fi|, we can expand the occupation number functions
containing w around 0. Physically, this means that the
change in relative velocities of two interacting waves is

Here we also discard the redundant momentum conservation
Kronecker delta, Sgyp_q—p-

043535-10



KINETIC RELAXATION AND BOSE-STAR FORMATION IN ...

PHYS. REV. D 108, 043535 (2023)

expected to be small for most of the interactions. The
expansion is

a —
Votw/m, fVa

1
y +_w'vva g
m,

U{;fga+.'.’

b——wV
ny,

Vb w/ mb Vi

I
; fb
+ Z—miwlevi,;v% 7 + -

(B2)

After some algebra, we get the following result [up to
quadratic order in w = pu(i' —i)]:

dQ, duu
4z 2x?

afv”

vaa_ifva ";)b

x{’;é’
1

(fﬁa + 1)V )WV f7)

ma

f wiwiV i ijvu

2 2f“ fewwiVy V~jf (B3)

Now, to evaluate the €, integral, we can easily
set i’ —i = (sinfcosg,sinfsing,cosd—1) with dQ,, =
d¢pd(cos @), and the @ integral is restricted to small values
(on account of our approximation |’ —#| < 1). Then,
with |@' — | = 2sin(0/2), the two integrals that are
relevant, are

1 (W — ),
M/d(COSQ)A 916 sin*(0/2)

. ﬁi s mdx/z)

e (sm mm/2>>

L P q (A" —#);(A" — 1),
2_7r2/ (cos )A ¢ 16sin*(0/2)

_ (5ij - ﬁiﬁj> 10g Si.n(emax/z) )
2z $in(Opyin/2)

(B4)

Here in the second integral, we have discarded the terms
~€08(Omax) — €08(Omin) on account of our small-angle
approximation. The other two integrals, associated with
the interference term between the ¢ and u channels
(o 8|2 — A|72|A’ + A|72), end up giving contributions
that go like ~cos(0ppax ) — cOS(Opyin) and ~ 1og(cos(Opmin/2)/
€08(Omax/2))- Under small angle approximation and large

log, these become negligible and hence we discard them
as well.

Informed by the target simulation system, we shall set
the above Coulomb logarithm to be equal to
log(moL) = A, where L is the size of the system/
simulation box size, m is the lightest boson mass in the
problem, and o is the velocity dispersion. With the above
integrals, we get the following wave-kinetic equation in the
eikonal approximation:

afv

dQ, du [(4am,m,G)*] A
4r 272 u 4z

V fv,, + fv,,fv V»

X{_l
— L (pe 4 1) (85— i) (Vs L) (Y

HU oy
25,05
2m2" Vv b

bifﬁ,,)

+ (6 — i)V i Vi f7,

Hu a fa S YA ) . £b
+2—’nifvafvﬂ(5ij ”i”j)v@;vgifa,,- (B5)

Now, redefining the relative velocity back tou = v, — v, so
that the integration variable is v, together with integration
by parts (along with dropping boundary terms), and finally
using the identities Vi [(|(x—y)[*8;;— (x'—y")(x/ = y/))/
(x=y)P]==2(x'=y)/|(x=y) and  V.-[(x-y)/
|(x —y)|’] = 476®) (x —y), we get Eq. (3) presented in
the main text. Terms with two factors of /¢ and one factor of
f? combine to give the friction term in Eq. (3), while terms
with two factors of f” and one factor of f¢ combine to give
the diffusion term.

In summary, starting with the general Schrodinger equa-
tion for two-body interactions, we first derived the full wave-
kinetic Boltzmann equation (A9) under the random phase
approximation, which takes the form of Eq. (2) for gravi-
tational (or, in general, long-range) interaction. For such
long-range interactions, the dominant contribution to the
differential cross section comes from small-angle wave
scatterings. Suitably, then, under the eikonal/small-angle
approximation, we derived the Fokker-Planck equation (3).
In the process, we have highlighted the presence of an
interference term in the differential cross section, readily
interpreted as an interference between the ¢ and u channels.
Although its contribution is negligible under the eikonal
approximation suited for long-range interactions, it may be
important for other (e.g., short-range) interactions—for

example, T} I',’ ;;f & AgpMamMpdp84, in Eq. (A9), for point-
like interactions.

Also note that the Fokker-Planck equation (3) is identical
to f > 1 limit of the quantum Boltzmann/Landau equation
for bosons with long-range interactions (under the
small-angle approximation). For instance, see Ref. [47]

for the relevant Landau equation. However, for a general

043535-11



JAIN, AMIN, THOMAS, and WANICHWECHARUNGRUANG

PHYS. REV. D 108, 043535 (2023)

wave-mechanical system, this f > 1 route via the quantum
version is not needed. In arriving at Eq. (2), we did not
assume f > 1. This equation, therefore, applies generally
for wave systems that satisfy the Schrédinger-like equation,
and it entails the phenomenon of condensation. For in-
stance, even in our simulations, and well before the onset
of condensate formation, f is at most order unity (near
vanishing momenta). In this sense, Bose condensation is a
wave-mechanical effect.

APPENDIX C: NUMERICAL SIMULATIONS

For our numerical studies, we have performed more than
~100 simulations in total of the multicomponent SP system
[Eq. (1)], both for spin s (scalar, vector, and tensor cases)
with equal boson mass and density for each component, as
well as the two-component scalar case with different
masses and densities.

To perform our simulations, we used two different codes,
one being the Python-based i-SPin integrator [48] and
another Matlab-based code developed by Philip Mocz
(modified to include multicomponent Schrodinger fields).
The data presented for the spin-s case in this paper were
generated using the Matlab code. However, we have per-
formed equivalent simulations using i-SPin and confirmed
the validity of our results. On the other hand, the data for
the two-component different mass case were mostly pro-
duced using i-SPin. We have confirmed that the spin and
particle number are conserved to machine precision in
these codes.

For initial conditions, we have worked with Gaussian
initial profiles for |¥f| for each species (with random
phases for each k mode). For the spin-s cases, there are
25 + 1 complex numbers, €, with >, €ie, = 1. Assuming
equipartition, we choose them using a radially symmetric
distribution function in Ry, and normalize such that the
sum of their squares adds up to unity. That is, they lie on the
S4s.1 hypersurface. On the other hand, for the two-scalar
case, we choose each of the respective phases for the two
components (for every kK mode) separately.

To perform trustworthy simulations of the kinetic emer-
gence of gravitating condensates, we choose the parameters
dx (discretization length scale), dt (discretization time-
scale), L (total box size), and p (average mass density)
appropriately such that the kinetic regime condition
Ty > 1/mo?, where 1, =2m3c®/(p*(47G)?A) is the
condensation timescale, is satisfied, and the dynamics of
the different waves in the simulation box are captured
appropriately. Working with the Gaussian initial ansatz
[Eq. (7)], dictating typical velocities to be o, we measure
length in units of 1/(mc), time in units of 1/(ms?), and
mass density in units of (m?c*)/(47G)\V/A, where A =
log(moL) is the Coulomb logarithm. For the spin-s case,
when all the components have the same mass, we set

dx=¢/(mo) with €=0.24,
L=y/(mo) with y=3l,
dt = (2z/3)dx*m/n with n=1.5,

p=Vém2e*/(4xGAY/?) with §=3.6x1073. (Cl)
With the above parameters, we have performed ~15
simulations each for all of the scalar, vector, and tensor
cases with statistically similar initial conditions. Every
simulation was run up until the threshold p~1 was
reached. These simulations were typically carried out at
N3 = 1283, but we also checked individual cases with
N3 =256° and found no discernable change in the con-
densation time. Contrary to changing the resolution, we
also increased the box size to infer any IR effects. Upon
doubling the box, we saw faster emergence of a halo-like
region, due to the Jeans instability scale associated with
typical mass lumps in the box being smaller than the size of
the box. Upon further evolution, we observed the emer-
gence of solitons within such halos. This was also seen
in Ref. [3].

As mentioned in the main body of the text, we have
defined the condensation time as the time when the
maximum density vs time data points show a distinct
change in slope on a log-log plot. We also tried different
methods including the use of density thresholds, changes in
running averages, linear regression of the slopes, etc. These
all yield qualitatively similar results.

For the unequal-mass case, we have the same con-
ditions as above, appropriately modified to accommodate
shorter-length scales and faster timescales associated with
the heavier mass. Calling the smaller and heavier masses
m; and m,, respectively, with m, = {1,1.5,2} x m;, we
set

dx =¢/(myo) with e=1{0.12,0.19,0.25},
L=y/(mo) with y=24,
dt = (2n/3)dx*m,/n with n=2,

p=Vomic*/(4xGAV?) with §<5.1x1073.  (C2)

Here, p = p, is the average mass density of the first
component. We carried out a total of ~50 simulations with
different mass and density ratios, different initial seeds,
and three different p,’s. Most of the simulations were
carried out at N3 = 1923, with some smaller simulations at
1283. Again, no significant difference in condensation time
was seen.

In some of our simulations (especially the two-
component scalar case), we also kept track of the occu-
pation number functions f§ of both components. For most
of the simulations, we worked with Gaussian initial
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conditions [cf. Eq. (7)], for which we find that for the
component within which a condensate nucleates, its
occupation number function develops increasing support
toward smaller “velocities” before eventually dropping at
the onset of condensation nucleation. This conforms
with our analytical understanding of the Boltzmann/
Fokker-Planck equation (3), as discussed in the main
text. To test the validity of our understanding that the

nucleation of condensate is characterized by small veloc-
ities, we also analyzed what happens with Dirac delta
initial distribution—i.e., f o (|v,| — ¢). Indeed, we find
that ¢, for the species that forms the condensate, broadens
out from the initial delta distribution and starts to develop
increasing support over small velocities as time pro-
gresses. Eventually, the support drops, marking the
nucleation of a condensate.
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