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We investigate the formation and evolution of axion streams generated by the tidal disruption of axion
miniclusters through stellar encounters in the Milky Way halo. Combining a large-scale Monte Carlo
treatment of repeated stellar flybys with a tracer reconstruction of the stripped debris, we follow the phase-
space evolution of the streams across a broad range of galactocentric radii and assess their contribution to
the local dark matter distribution. We find that the kinetic energy of the stripped debris typically exceeds its
residual self-gravitational binding energy at formation, so that the subsequent evolution is dominated by
anisotropic free expansion and orbital shear. As a result, stream densities can decrease by factors as large as
~107? over Galactic timescales, strongly suppressing the steady-state abundance of dense streams near the
Solar circle. At the Solar radius, only a small fraction of realizations yields a nonzero encounter probability
over a 10-year exposure, implying that observable streams are dominated by rare recent and nearby
disruption events rather than by a persistent population of long-lived overdense substructure. Despite this
rapid dilution, the streams remain dynamically cold and produce detector-frame linewidths many orders of
magnitude narrower than the cavity bandwidths of current haloscope experiments. For representative
haloscope configurations, we find characteristic stream linewidths in the range Avgeam ~ 1077 — 10! Hz,

while the corresponding Doppler drift remains well below the cavity response width.

DOI: 10.1103/d559-xlbr

I. INTRODUCTION

The QCD axion [1,2] is one of the most compelling
candidates for the dark matter (DM) of the Universe, arising
naturally from the Peccei-Quinn (PQ) solution to the strong
CP problem [3,4]; see Refs. [5-7] for reviews. In post-
inflationary PQ symmetry-breaking scenarios, spatial var-
iations of the axion field generate O(1) density fluctuations
at the onset of oscillations. These fluctuations can become
nonlinear and gravitationally collapse into compact bound
structures known as axion miniclusters (AMCs) [8-10].
Subsequent studies have explored the formation, survival,
and phenomenology of AMCs, including their disruption in
Galactic environments and their contribution to the
Milky Way DM halo [11,12].
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Over the past decade, significant progress has been made
in understanding the formation and internal structure of
AMCs. Simulations of axion string and domain wall
networks have refined predictions for the axion relic
abundance and the small-scale density fluctuations relevant
for AMC formation [13-22], while dedicated studies of
nonlinear structure formation have characterized the AMC
mass function and internal density profiles [23-25]. These
results indicate that AMCs span a broad mass range,
typically My ~ 10710 —1071°M, with densities far
above the cosmological mean. Their internal structure is
often approximated either by Navarro-Frenk-White profiles
or by steep power-law profiles when the inner scale radius
is unresolved [25-27]. Although the detailed properties of
AMCs depend on the cosmological history and axion
model parameters [28-30], their existence is a robust
prediction of postinflationary axion cosmology. More
generally, axion direct-detection experiments are sensitive
to fine-grained features of the Galactic halo, including
transient overdensities and departures from a smooth
Maxwellian velocity distribution [31].

Once formed, AMCs evolve within the Galactic envi-
ronment and are subject to a variety of disruptive processes.
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Tidal interactions with stars, passages through the Galactic
disk, and encounters with other substructures can induce
heating, mass loss, and eventual disruption [26,32,33].
Monte Carlo studies tracking repeated stellar encounters
have shown that the survival probability of AMCs depends
sensitively on their internal density profile and orbital
parameters, with dense systems surviving preferentially
while diffuse structures are efficiently stripped [26]. More
recently, additional effects such as wave dynamics and
cumulative perturbations have been shown to further
enhance the efficiency of tidal stripping [34,35].

A natural consequence of these interactions is the
formation of tidal debris streams. As AMCs lose mass,
the stripped axions are released into the halo, forming
elongated, kinematically cold structures analogous to the
tidal streams observed in simulations of cold DM subhalos
and other self-gravitating debris systems [36-39]. Such
streams are of particular interest for direct detection
[40,41], since they can generate highly non-Maxwellian
velocity distributions and potentially observable spectral
features in axion haloscope experiments and related
searches for axion substructure [36,42—-45]. Whether these
structures can remain sufficiently overdense and dynami-
cally coherent over astrophysical timescales is, however,
not guaranteed. Despite recent progress, the subsequent
evolution of the stripped material remains somewhat unex-
plored. Previous studies have focused on the disruption of
AMC:s and the production of tidal debris, while the long-
term dynamics of the streams themselves has received less
attention. In phenomenological applications, the resulting
streams are often treated as coherent structures over
astrophysically relevant timescales. However, this
assumption is nontrivial: the stripped debris inherits both
the internal velocity dispersion of the progenitor and the
kinematic perturbations induced by stellar encounters,
raising the question of whether such streams persist as
overdense structures within the Galactic halo or disperse.

In this work, we revisit the formation and evolution of
axion streams generated by stellar encounters with AMCs,
focusing on their dynamical stability. We adopt the
Monte Carlo framework for stellar disruption developed
in Ref. [26], specialized here to an axion mass m, =
50 peV and power-law AMC density profiles. For each
realization, we track the stripped mass and reconstruct the
kinematic properties of the debris, including both longi-
tudinal and transverse velocity dispersions. We then model
the subsequent evolution of the stream as a collisionless
system to determine whether the resulting structures can
survive as persistent overdensities within the Galactic halo.
Our analysis indicates that axion streams produced by tidal
stripping evolve predominantly through collisionless
expansion and phase mixing. For typical stripped mass
fractions and stream geometries, the velocity dispersion of
the debris exceeds the escape velocity associated with its
self-gravity. As a result, the streams undergo anisotropic

expansion, with longitudinal stretching driven by tidal
kicks and transverse broadening inherited from the pro-
genitor. The stream density dilutes as o« 73, implying that
these structures are generally transient on Galactic
timescales.

These findings have important implications for the
phenomenology of axion DM. In contrast to scenarios in
which long-lived streams dominate the local phase-space
distribution, we find that tidal debris is typically short lived
and subdominant. Observable streams may still arise from
recent and nearby disruption events, although such occur-
rences are expected to be rare. Our results place the
detectability of axion streams within a more constrained
dynamical framework, directly linking their observational
prospects to the disruption history of miniclusters in the
Milky Way. The original code used for the tidal stripping of
AMC:s was developed in Ref. [26] and is publicly available
[46]. The extensions and analysis tools developed for the
present work, including the stream evolution and tracer
reconstruction modules, are available [47].

I1. PHYSICS SETUP

We summarize the physical framework describing the
formation and tidal disruption of AMCs in a galactic
environment, following the Monte Carlo approach devel-
oped in Ref. [26]. In postinflation PQ scenarios, O(1)
density fluctuations at the onset of axion oscillations lead to
the formation of gravitationally bound structures shortly
after matter-radiation equality [8,9]. These AMCs span a
broad mass range and are characterized by internal den-
sities determined by the primordial overdensity ¢ [9],

pamc = 140(1 + 8)8° pey, (1)

where p., is the cosmological matter density at equality.
For a given mass and density, the characteristic radius and
internal velocity dispersion are

_(3Mpc\ 3 GM ayic /2
Rame = ) oamMc ~ |\ Y . (2)
4rpamc Ramc

Alongside AMCs, denser gravitationally bound objects
known as axion stars may also form, characterized by
different equilibrium configurations and density profiles
[48-51].

After their formation, AMCs evolve within the Galactic
halo under the combined influence of the smooth gravita-
tional potential and discrete encounters with stars. The
stellar population is described by a spatially varying
number density n, (r) and velocity dispersion o, (r), which
determine both the rate and strength of gravitational flybys.
The characteristic relative velocity is

Urel ™~ \/56* . (3)
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When the duration of an encounter is short compared to the
internal dynamical time of the minicluster, the interaction
can be treated within the impulse approximation. The
corresponding energy injection is

2A02
G*M2
~oaa
b Urel

AE (4)

() Myyc-

where M, is the stellar mass, b is the impact parameter, and
(r?) is the mean-square radius of the minicluster. Here,
M\ s the instantaneous mass of the AMC. Repeated
encounters lead to cumulative heating, tidal stripping, and
progressive mass loss from the outer regions of the bound
object.

Each realization is initialized by assigning an AMC with
initial mass M;,; and density p;,; drawn from a prescribed
mass function. The corresponding radius R;,; and velocity
scale oy follow from the relations above. The mini-
cluster is then placed on a bound Galactic orbit specified by
its semimajor axis, eccentricity, and orbital phase, which
determine the local stellar environment encountered along
the trajectory.

The cumulative effect of stellar flybys is modeled as a
sequence of discrete perturbations with encounter rate

dN

= (5)

n*(r)ﬂbrznaxvrel(t)’

where r = r(#) and b, is an effective maximum impact
parameter. Individual encounters are sampled from the
corresponding local distributions of impact parameters and
relative velocities. For each event, the injected energy is
computed using Eq. (4), and the subsequent dynamical
response is implemented through a semianalytic stripping
operator that updates the bound mass and radius of the
AMC after energy injection and structural readjustment.
Iterating this procedure yields the full stripping history of
each realization.

Relative to the original implementation of Ref. [26], the
framework adopted here retains detailed information about
the stripped material itself rather than focusing only on the
surviving bound remnant. Each stripping event is recorded
individually together with its associated orbital and kin-
ematic properties, including the stripping time, local phase-
space configuration, injected energy, stripped mass, and
characteristic velocity scales inherited from the tidal
encounter. This allows the debris to be reconstructed as
a sequence of localized packets in phase space rather than
as a single effective stream component. The framework also
reconstructs the longitudinal and transverse velocity dis-
persions associated with each stripping event, which
provide the initial conditions for the subsequent stream
evolution developed below. The main output of the
Monte Carlo stage is the event history of each realization,
consisting of a sequence of stripping events indexed by i

and characterized by a stripping time ¢;, stripped mass
element AM;, orbital position x;, velocity v, and the
corresponding effective velocity dispersions. These strip-
ping histories provide the initial conditions for the stream
reconstruction and phase-space evolution discussed in the
following section.

III. STREAM RECONSTRUCTION

To follow the evolution of the stripped debris, we extend
the Monte Carlo framework of Ref. [26] by retaining the
full stripping history of each AMC realization. Rather than
characterizing disruption only through the surviving bound
fraction, we reconstruct the stripped component as a
collisionless tracer ensemble evolving in the Galactic
potential. This allows us to assess if the resulting axion
streams can remain coherent and self-gravitating over
Galactic timescales, or instead disperse through phase
mixing and orbital shear.

The numerical framework consists of three stages. First,
the Monte Carlo evolution follows AMCs undergoing
repeated stellar encounters and records the stripping history
of each realization. Second, the stripped material is
reconstructed as a collection of localized phase-space
packets. Third, tracer particles associated with these pack-
ets are evolved in a smooth Galactic potential and used to
infer the stream morphology, density evolution, visibility
time, and effective abundance. The tracer ensemble should
be interpreted as an effective coarse-grained representation
of the stripped debris rather than a fully self-consistent N-
body realization. Unlike the original Monte Carlo frame-
work of Ref. [26], which follows only the evolution of the
bound AMC remnant, our implementation stores the full
stripping history of each realization. Each stripping event
with nonzero mass loss is characterized by the stripping
time #;, stripped mass AM,, injected energy AE;, and the
local orbital configuration of the parent AMC. Since the
Monte Carlo calculation does not explicitly evolve the
stripped particles, we reconstruct their initial phase-space
coordinates from the local orbital properties of the AMC at
the stripping event. Each event is described by a localized
packet with phase-space coordinates (x;, v;) corresponding
to the effective bulk motion of the debris immediately after
stripping. The packet carries a total mass AM; and seeds the
subsequent tracer reconstruction.

The internal phase-space structure of the packet is
modeled through an anisotropic Gaussian velocity distri-
bution aligned with the local stream direction. The longi-
tudinal velocity dispersion is estimated from the specific
energy injected during the encounter,

(6)

where M; is the bound AMC mass immediately before
stripping. The transverse velocity scale is identified with
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the characteristic internal velocity dispersion of the pro-

genitor AMC,
GM\1/2
o= ()" )

i

where R; is the corresponding AMC radius. Physically, o;;
parametrizes the velocity spread induced by the tidal
encounter, while o, ; is the initial thickness of the stream
inherited from the internal dynamics of the parent AMC.

For computational simplicity, the packet centroid is
reconstructed using a planar approximation to the local
AMC orbit. The sampled orbital radius r;, orbital phase ¢;,
and AMC speed v; determine the initial phase-space
coordinates of the packet. A local orthonormal basis is
then constructed from the packet velocity, defining one
longitudinal direction parallel to the bulk motion and two
transverse directions orthogonal to it. Tracer particles are
sampled around the packet centroid using the dispersions
(61;,0,;) along these directions. The tracers are sub-
sequently evolved in an external smooth Galactic mean
field ®(x), according to

i = —V(x), (8)

using a symplectic leapfrog integrator. The tracer particles
are evolved in a static logarithmic Galactic potential,

soft

d(r) = %vg In(r>+7r2.), 9)

with circular velocity v. =220 kms™' and softening

radius 7, = 0.05 pc, so that an approximately flat rotation
curve is produced for r > ry . The purpose of this
evolution is to capture the effects of orbital shear and
phase mixing on the stripped debris. The self-gravity of
both the debris and the surviving AMC remnant is
neglected. This approximation is justified a posteriori by
the fact that the kinetic energy of the reconstructed streams
dominates over residual self-gravity, see Eq. (18) below, so
that their subsequent evolution is governed primarily by
collisionless expansion and phase mixing.

The tracer evolution naturally produces elongated fila-
mentary structures through orbital shear and phase mixing.
To quantify the dilution of the streams, we reconstruct the
density using two complementary estimators. The first is a
coarse-grained estimator based on the covariance matrix of
the tracer distribution,

Cij(1) = ((x; = (x:) (x; = (x;)))s (10)

from which we define the effective volume

dr
Ve (1) E?\MMM& (11)

where 4; are the eigenvalues of C;;, ordered such that
A1 > A, > 13. The corresponding coarse-grained density
estimator is

Mstream

Ve (1) (12)

pcg(t) ~

We also construct a nearest-neighbor density estimator,
Plocal» Dased on the distance to the kth nearest tracer, which
is more sensitive to localized overdensities within the
filamentary stream structure. The final stream associated
with a given AMC realization is obtained by superposing
the tracer populations generated by all stripping events
occurring during the disruption.

The density evolution is characterized through the
logarithmic slope

, (13)

where p denotes either p., Or pjou. We compare the
reconstructed evolution with the ballistic estimate

(1) ~ oyt R(t) ~ 0,1, (14)
where o; and o, are characteristic longitudinal and trans-

verse velocity scales representative of the tracer ensemble.
This implies

stream

NWa 3. (15)

Pstream (t )

This scaling is not imposed in the simulations and serves
only as a benchmark for interpreting the reconstructed
stream evolution.

To assess whether the stripped component remains self-
gravitating, we compare the characteristic specific kinetic
energy,

1
Exin NE(GIZ + 207). (16)

with the specific gravitational binding energy,

GM stream

Eving ~ 17
bind R‘q ( t) ( )
We define the virial parameter
2Ey;
= kin i (18)
Eping

which quantifies the relative importance of kinetic support
and residual self-gravity. For the representative stripping
realizations reconstructed here we typically find a > 1
already at early times, indicating that the subsequent
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evolution is dominated by collisionless expansion and
phase mixing rather than gravitational collapse. Residual
self-gravity may nevertheless remain relevant for unusually
dense or marginally bound streams in the high-density tail.
Finally, we define a visibility time ¢,;; as the time at
which the reconstructed stream density falls below a
threshold 10ppy 10, Where ppyoe 1S the local Galactic
DM density. The corresponding effective dilution rate is

-1
Lditfuse = Liss (19)
which provides an estimate of the steady-state stream
abundance,

Tyis . amc

Ngtream ~ NAMC T

— (20)
age Tagerdiffuse

This relation connects the production of tidal debris to its
subsequent dilution through phase mixing and orbital shear.

IV. RESULTS

We now present the results obtained from the
Monte Carlo evolution of tidally disrupted AMCs and
from the tracer reconstruction of the resulting debris
streams. All radial statistics shown below are derived from
ensembles with N e = 10° realizations at each orbital
radius. The sample is sufficiently large to probe the rare-
event tails associated with strong stellar encounters and
highly disrupted systems. For each orbital configuration,
the minicluster population is evolved under repeated stellar
encounters while the stripped component is reconstructed
through tracer particles. This procedure allows us to follow
directly the morphology and density evolution of the debris
without imposing an a priori analytic stream model. The
orbital evolution is computed within the Milky Way model
adopted in Ref. [26], which includes the dominant stellar
populations responsible for tidal perturbations in the
Galactic bulge and disk. The simulations probe orbital
radii spanning the inner Galaxy, Solar neighborhood, and
outer halo, with the semimajor axis ranging within a = 0.3
and 10 kpc.

We begin by considering the longitudinal velocity
dispersion o, induced by tidal stripping and orbital-energy
injection. Figure 1 shows the median value and statistical
spread as functions of galactocentric semimajor axis. The
longitudinal velocity dispersion decreases systematically
with galactocentric radius. In the inner Galaxy, repeated
stellar encounters generate characteristic values o; ~
10~* kms~! while, beyond a =5 kpc, the dispersion
asymptotes to o, ~ 107> kms~'. The broad statistical
spread reflects the stochastic nature of the encounter
history, particularly for orbits crossing the dense stellar
environment of the inner Galaxy.

1072
1073
Tn 10~
€
=3
5105
10-¢
0 2 4 6 8 10
Semi-major axis [kpc]
FIG. 1. Median longitudinal velocity dispersion o; of the

stripped debris as a function of orbital semimajor axis a. The
shaded band corresponds to the 1o spread among Monte Carlo
realizations.

The total stripped mass transferred into the stream,

Mstream = Mini - Mfin’ (21)

also shows a pronounced radial dependence. As shown in
Fig. 2, the characteristic stripped mass decreases by nearly
four orders of magnitude between the inner and outer halo.
Typical stream masses are Meam ~ 1071°M at sub-kpc
radii, while for az5kpc they decrease to
M gream ~ 10719 — 10717 M . Both M e, and o; are con-
trolled by the cumulative tidal energy injected through
stellar encounters, as indicated by the similarity between
their radial profiles. Orbital shear and repeated weak
perturbations may broaden the velocity distribution without
significantly increasing the stripped mass fraction.

1077

1079

10-11

10-13

Mstream [M o]
=
Q

10-17

10—19 4

1021

0 2 4 6 8 10
Semi-major axis [kpc]
FIG. 2. Median stream mass M .,, as a function of orbital

semi-major axis. The shaded band corresponds to the 1o spread
among Monte Carlo realizations.
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FIG. 3. Final major-to-minor axis ratio of the reconstructed

stream distribution as a function of semimajor axis.

The tracer reconstruction reveals that the stripped debris
evolves into highly anisotropic filamentary structures. We
characterize the morphology through the ratio between the
principal axes of the tracer covariance matrix, shown in
Fig. 3. Streams formed in the inner Galaxy become
extremely elongated, with axis ratios reaching O(10?)
because of strong tidal stretching and orbital shear.
Outside the central kiloparsec the anisotropy decreases
steadily with galactocentric radius, indicating that streams
formed in the outer halo are less filamentary.

Figure 4 shows the time dependence of the major-to-
minor axis ratio for representative streams at a = 0.3 kpc,
a = 0.7 kpc, a = 3 kpc, and a = 10 kpc. Streams formed
in the inner Galaxy rapidly develop highly elongated
morphologies, reaching axis ratios O(10%) within a few
Myr. At sub-kpc radii the evolution is irregular because of
repeated perturbations and orbital shear, while at larger
radii it approaches a smoother ballistic regime.

— a=0.3kpc
—— a=0.7kpc
. — a=3kpc
e —— a=10kpc
£ 107
o
o
1S
©
=
o
0
X
<
101 A . .
100 10!
Time [Myr]

FIG. 4. Time evolution of the major-to-minor axis ratio for
representative streams at a = 0.3 kpc, a = 0.7 kpc, a = 3 kpc,
and a = 10 kpc.
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Semi-major axis [kpc]

FIG. 5. Median logarithmic density slope y as a function of

semimajor axis for the coarse-grained density p., and the local-

density estimator pj,.,. The dashed line corresponds to the

ballistic scaling y = —3. The shaded band corresponds to the
lo spread among Monte Carlo realizations.

The radial dependence of the fitted density slope y from
Eq. (13) is shown in Fig. 5. Both the coarse-grained density
peg and the local estimator pjc, rapidly converge toward
the ballistic scaling y ~ —3. The convergence is nearly
complete beyond a ~ 2 kpc, where the two estimators
become almost indistinguishable. Significant deviations
appear only in the innermost Galactic region, where
repeated perturbations and strong orbital shear slow the
effective dilution. The reconstructed evolution is consistent
with streams behaving as transient freely expanding debris
rather than long-lived self-gravitating structures.

The strong dilution of the streams has direct implications
for their steady-state abundance. Figure 6 shows the inferred
number density of surviving streams, which decreases sys-
tematically with galactocentric radius. The broad uncertainty

1014

10°4

Nstream [PC_3]

0 2 4 6 8 10
Semi-major axis [kpc]
FIG. 6. Estimated stream number density as a function of semi-

major axis. The shaded region indicates the statistical spread
among realizations.
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band reflects the sensitivity of the population to rare encoun-
ters and stochastic disruption histories.

V. DISCUSSION

The reconstructed stream evolution indicates that tidally
stripped AMC debris evolves predominantly through col-
lisionless expansion and phase mixing rather than through
self-gravitating dynamics. Figure 7 shows the normalized
evolution of the coarse-grained tracer-density estimator
Peg(1)/peg(to) for representative streams formed at different
galactocentric radii. The normalization removes the arbi-
trary absolute scale associated with the covariance-volume
estimator and isolates the relative dilution rate of the
reconstructed debris. Outer-halo realizations evolve
approximately according to the ballistic scaling p, o 3
expected from Eq. (15), while streams formed in the inner
Galaxy exhibit stronger temporal fluctuations because of
repeated perturbations and orbital shear. The intermediate
case at a = 0.7 kpc already shows substantial dilution,
while still retaining visible fluctuations inherited from the
denser stellar environment of the inner halo.

The coarse-grained estimator p., should not be inter-
preted as the microscopic density within individual stream
filaments. Instead, it probes the large scale geometric
dilution of the tracer ensemble reconstructed from the
covariance volume of the stream. To investigate the survival
of localized overdensities more directly, Fig. 8 shows the
normalized evolution of the local tracer density estimator
Procal (1) /Procat (fg) reconstructed from nearest-neighbor
tracer distances. The outer halo realizations again evolve
close to the ballistic scaling expected for approximately
collisionless free expansion. By contrast, inner halo real-
izations retain larger local overdensities over longer time-
scales and develop persistent fluctuations associated with
the filamentary morphology of the streams. Localized

100<
1071<
S
ha 10—2<
g
s
Rl
21073
Q
10744
10734
10° 10!
Time [Myr]
FIG. 7. Representative evolution of the normalized coarse-

grained tracer-density estimator pg,(t)/pcg(ty) for streams
formed at a = 0.3 kpc, a = 0.7 kpc, a = 3 kpc, and a = 10 kpc.

100 4

1014

1024

10734

Piocal(t)/Piocai(to)

1044

10—5<

100 10
Time [Myr]

FIG. 8. Representative evolution of the normalized local tracer-
density estimator pioca(f)/Procal(fg) for streams formed at
a = 0.3 kpc, a = 0.7 kpc, a = 3 kpc, and a = 10 kpc.

overdensities can survive substantially longer than sug-
gested by the covariance-volume estimator alone, even
while the stream undergoes significant large scale dilution.

The effective steady-state estimate introduced above can
be interpreted schematically in terms of a kinetic equation
for the stream population,

digream
% =5- 1—‘diffusenstreamﬁ (22)

where S is the local source term associated with AMC
disruption and Iz, 18 the effective dilution rate extracted
from the reconstructed density evolution. The rapid decline
of the reconstructed density estimators indicates that
dilution efficiently suppresses the accumulation of a
long-lived steady-state stream population throughout most
of the Galactic halo.

This framework has direct implications for axion DM
haloscope searches [40,41]. The interpretation of haloscope
signals in terms of the underlying Galactic phase-space
distribution has been developed extensively in Ref. [31],
including the effects of velocity substructure and time-
dependent modulation. In haloscope experiments the signal
frequency is determined by the axion kinetic energy, so that
the intrinsic rest-frame linewidth scales as

Av o2

=y (23)

v, ¢
In the detector frame, the observable linewidth is set by the
projection of the stream velocity dispersion along the
Earth-stream relative motion,

UGBO
AVlab = yaTan’ (24)

where wvg denotes the Earth-stream relative speed,

Gave = \/ (67 + 267)/3, and the axion rest-mass frequency
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is v, = m,/(2x). The principal limitation for direct detec-
tion is not spectral broadening, but rather the rapid density
dilution of the debris streams.

In the Monte Carlo implementation, a stream is consid-
ered visible while its reconstructed density satisfies

Pstream = Pthr» (25)

where the threshold is defined relative to the local Galactic
DM density p,,. = 0.45GeV cm™ as py, = 10p;.. This
criterion selects streams that are significantly overdense
with respect to the smooth halo background. The corre-
sponding visibility time is the last time at which the stream
remains overdense relative to this threshold. The simula-
tions indicate that the retained density fraction can decrease
to values as small as ~10~°, while the corresponding
visibility timescale is typically

fs ~ 105 — 107 yr, (26)

depending on orbital radius and disruption history.
Although streams are continuously produced throughout
the Galactic halo, the resulting steady-state population is
dominated by diffuse structures with small local density
contrasts.

To investigate the implications for direct detection more
quantitatively, we perform dedicated Solar-neighborhood
simulations at @ = 8.5 kpc with Ny = 10°, including
the Earth-relative velocity vg = 232 kms™! and an exper-
imental exposure time T, = 10 yr. For the conservative
prescription in which only fully disrupted AMCs are
counted as stream sources, we obtain a disruption fraction
fdis = 107 together with characteristic stream masses

<Mstream> ~ 5 X 10_17MO' (27>

The inferred stream abundance near the Solar circle remains
small, Ngeam < O(0.1 —1)pc™3, with a highly skewed
distribution dominated by rare disruption events. The opera-
tional stream density entering the population-level visibility
estimate is the analytic ballistic density track pg .. intro-
duced in Eq. (15). Figure 9 shows its evolution at the Solar
radius. The solid curve corresponds to the median over
realizations, while the dark and light shaded regions indicate
the 1o and 20 spreads in log space, respectively. The
comparison with the local Galactic DM density p, illustrates
the rapid dilution of the stream population relative to the
smooth halo background. While the median stream density
rapidly falls below pg, the broader 2¢ region shows that a
subset of realizations can temporarily retain substantially
larger densities because of rare disruption histories.

The resulting encounter-probability distribution is sim-
ilarly sparse. In the conservative prescription, the median
encounter probability over a decade-long exposure is
effectively zero. At the Solar radius, only a fraction of

101

Ptrack [Mo pC'3]

20

lo
—— median
--=- Pom(Ro)

1079

10° 101
Time [Myr]

FIG. 9. Evolution of the analytic stream-density track p,q. at
the Solar radius, @ = 8.5 kpc. The solid black line shows the
median over realizations, while the dark and light shaded regions
correspond to the 1o and 20 spreads in log space, respectively.
The horizontal dashed line indicates the local Galactic DM
density pg.

order 10™* of the realizations yields a nonzero encounter
probability, with a nonzero-realization median P, ~ 107!
and an upper tail reaching P,,. ~ 107%. Observable events
are associated with rare realizations involving compara-
tively young and nearby streams rather than with a
persistent background of long-lived overdense substruc-
ture. This picture is qualitatively consistent with the
broader postinflationary scenario in which direct-detection
experiments probe a highly intermittent axion density field
containing both rare overdense structures and extended
underdense minivoids [52].

The corresponding haloscope phenomenology is illus-
trated in Fig. 10, which shows the detector-frame stream

105 4

FLASH lab-frame linewidth
ADMX lab-frame linewidth
FLASH cavity band
ADMX cavity band

103

101 4

10714

10734

10754

1077 4

Lab-frame stream linewidth Avgtream [HZ]

10° 107 105 103 10! 10! 103
ptrack(t =1 Myl’)/Po

FIG. 10. Detector-frame stream linewidth as a function of the
reconstructed density contrast at the Solar radius, a = 8.5 kpc,
evaluated at + = 1 Myr. The shaded horizontal bands indicate the
cavity bandwidth ranges for FLASH (blue) and ADMX (orange).
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linewidth as a function of the reconstructed density contrast
at the Solar radius. The linewidths estimated from Eq. (24)
are compared with the cavity bandwidths of representative
haloscope configurations, namely the FINUDA magnet for
Light Axion SearcH (FLASH) [53], with frequency range
S =100-300 MHz and quality factor Qcuiy =35 X 105,
and the Axion Dark Matter eXperiment (ADMX) [54], in
the configuration probing f = 0.6-2 GHz and with
Qcavity = 6 X 10* [55-57]. Although the detector-frame
linewidths are substantially larger than the intrinsic rest-
frame estimates, they remain many orders of magnitude
smaller than the corresponding cavity bandwidths. The
stream signal appears effectively monochromatic at the
level of the cavity response.

Three distinct spectral scales enter the problem: the
intrinsic  stream linewidth determined by the velocity
dispersion, the secular Doppler drift induced by the
Earth-stream relative acceleration, and the instrumental
cavity bandwidth. The secular drift of the signal frequency
may be estimated as

Vga
vy, 28 (28)
¢
where ag, denotes the characteristic acceleration of the
Earth in the Galactic frame. This defines an effective drift
quality factor,

A e

— a
Ogriet =~
U

Vedg > Qcavity’ (29)

showing that the secular Doppler drift remains far smaller
than the instrumental response width of present haloscope
cavities. The drift does not significantly broaden the signal at
the cavity-response level, although it may become relevant
for ultralong coherent integrations, narrow Fourier-bin
analyses, and phase-sensitive signal reconstruction.

The linewidth estimates above also determine the char-
acteristic coherence time of the signal,

1
Aviy, .

(30)

Teoh ~

For the stream realizations reconstructed here, the narrow
velocity dispersions imply coherence times ranging from
fractions of a second up to ~107 s for the narrowest
streams. In realistic searches, however, the effective coher-
ence time relevant for matched filtering and phase-sensitive
analyses is also affected by finite detector resolution and by
the time-dependent Doppler modulation induced by the
Earth-stream relative motion.

The approximately rectangular support of the
Monte Carlo distribution in Fig. 10 reflects the weak
correlation between the density contrast and the velocity
width in the present framework. The linewidth is controlled
primarily by the internal velocity dispersion projected

along the Earth-stream relative motion, while the density
contrast depends mainly on the stripped mass fraction and
on the subsequent geometric dilution during ballistic
expansion. Density dilution and spectral narrowness are
largely decoupled observables, so even strongly diluted
streams can remain spectrally narrow in the laboratory
frame. The bounded support of the distribution is also
influenced by the finite AMC mass range and by the fixed
Solar-radius benchmark adopted in the present analysis.

The direct-detection phenomenology proposed in
Ref. [43] remains viable, but is restricted to the rare
high-density tail of the stream population. In this regime
the signal would appear as a transient and extremely narrow
spectral feature with slowly varying Doppler modulation
induced by the Earth-stream relative motion. The intrinsic
evolution of the stream morphology occurs on Galactic
dynamical timescales vastly longer than experimental
integration windows, allowing the signal to be treated as
effectively stationary during a typical observation.

Several limitations of the present analysis should never-
theless be emphasized. The Monte Carlo framework treats
the stream evolution in an effective manner and neglects
possible subsequent perturbations from Galactic substruc-
ture, giant molecular clouds, and time-dependent non-
axisymmetric  structures. In addition, the present
treatment follows the debris in the collisionless approxi-
mation and does not attempt to resolve interference effects
or fine-grained caustic structures associated with the wave
nature of the axion field. The predicted linewidths should
be interpreted as idealized collisionless estimates, since
unresolved perturbations, wave interference effects, finite
detector resolution, and experimental systematics may
broaden the observable signal under realistic observational
conditions.

Future work should extend the present framework in
several directions. Higher-resolution tracer reconstructions
and dedicated N-body simulations would allow a more
precise characterization of the long-term stream morphol-
ogy and dilution rates, while more realistic Galactic
potentials could quantify the impact of disk crossings
and time-dependent perturbations. A particularly important
extension would be to incorporate the wave nature of the
axion field directly into the stream evolution. Interference
effects, coherent wave dynamics, and fine-grained caustic
structures could modify the local phase-space distribution
on scales inaccessible to the present collisionless treatment.
It would also be interesting to couple the present framework
directly to mock haloscope pipelines in order to quantify
the detectability of transient stream signals in realistic
experimental searches.

VI. CONCLUSIONS

In this work, we have investigated the formation and
evolution of axion streams generated by the tidal disruption
of axion miniclusters through stellar encounters in the
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Galactic halo. Combining a large-scale Monte Carlo treat-
ment of cumulative stellar flybys with a tracer
reconstruction of the stripped debris, we have followed
the subsequent evolution of the streams across a broad
range of galactocentric radii and characterized their masses,
morphology, kinematics, and density evolution. Our analy-
sis identifies a simple dynamical picture for the fate of
tidally stripped AMC debris. Although stellar encounters
can efficiently remove material from miniclusters, the
stripped component typically carries only a modest fraction
of the progenitor mass while inheriting velocity scales
associated with the deeper potential of the original bound
configuration. The characteristic kinetic energy of the
debris generally exceeds its residual self-gravitational
binding energy, so that the subsequent evolution is gov-
erned primarily by collisionless expansion and orbital shear
rather than by self-gravitating dynamics.

The simulations reveal a transition between two dynami-
cal regimes. In the inner Galaxy, repeated stellar encounters
continuously perturb the streams, producing strongly fila-
mentary structures with large axis ratios and substantial
temporal fluctuations in density and morphology. By
contrast, streams formed at larger galactocentric radii
evolve more smoothly and rapidly approach an approx-
imately ballistic regime. In this limit, both the local and
coarse-grained density estimators converge toward the
asymptotic scaling expected from free phase-space dilu-
tion, while the surviving density fraction decreases to
extremely small values at late times. The resulting
steady-state abundance of dense streams near the Solar
circle is strongly suppressed.

These results have direct implications for axion halo-
scope searches. The reconstructed stream velocity disper-
sions imply extremely narrow spectral features compared to
both the virialized Galactic halo and the instrumental
bandwidths of current cavity experiments. For the
FLASH and ADMX benchmark configurations considered
here, the intrinsic stream linewidths is many orders of
magnitude smaller than the corresponding cavity band-
widths, so that any surviving stream component behaves
effectively as an ultranarrow monochromatic feature within
the detector response. The dominant limitation for direct
detection is not spectral resolution, but rather the small
probability of encountering a sufficiently dense stream
during the lifetime of an experiment. Our dedicated Solar-
neighborhood realizations indicate that observable events
are controlled by the rare high-density tail associated with
comparatively recent and nearby disruption events rather
than by a quasi-steady population of persistent overdense
streams.

More broadly, our results show that the phenomenology
of axion substructure is intrinsically dynamical. The
observational relevance of streams depends not only on
the formation of compact miniclusters, but also on the

subsequent competition between tidal stripping, orbital
shear, and phase-space dilution. Within the collisionless
framework developed here, the stripped debris evolves
predominantly into diffuse filamentary structures whose
detectability is strongly suppressed by rapid density dilu-
tion despite their extremely cold kinematics.

Several important extensions nevertheless remain to be
explored. Higher-resolution N-body simulations and more
realistic Galactic potentials could provide a more precise
characterization of the long-term stream evolution and
dilution rates. A particularly important direction will be
to incorporate the wave nature of the axion field directly
into the stream dynamics, including possible interference
effects and fine-grained caustic structures inaccessible to
the present collisionless treatment.

Overall, our results provide a unified dynamical picture
of the interplay between tidal stripping and stream evolu-
tion in post-inflationary axion cosmology. While AMCs
may survive as compact substructures throughout the
Galactic halo, the debris generated by their disruption
evolves predominantly into transient diffuse streams whose
observational relevance is controlled by rare high-density
realizations. Future high-resolution simulations and dedi-
cated experimental searches will determine whether such
transient axion streams can ultimately be observed.
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