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Axion miniclusters are dense bound structures of dark matter axions that are predicted to form in the
postinflationary Peccei-Quinn symmetry breaking scenario. Although dense, miniclusters can easily be
perturbed or even become unbound by interactions with baryonic objects such as stars. Here, we
characterize the spatial distribution and properties of miniclusters in the Milky Way (MW) today after
undergoing these stellar interactions throughout their lifetime. We do this by performing a suite of
Monte Carlo simulations which track the miniclusters’ structure and, in particular, accounts for partial
disruption and mass loss through successive interactions. We consider two density profiles—Navarro-
Frenk-White (NFW) and power-law (PL)—for the individual miniclusters in order to bracket the
uncertainties on the minicluster population today due to their uncertain formation history. For our fiducial
analysis at the solar position, we find a survival probability of 99% for miniclusters with PL profiles and
46% for those with NFW profiles. Our work extends previous estimates of this local survival probability to
the entire MW. We find that towards the Galactic Center, the survival probabilities drop drastically.
Although we present results for a particular initial halo mass function, our simulations can be easily recast
to different models using the provided data and code (github.com/bradkav/axion-miniclusters). Finally, we

comment on the impact of our results on lensing, direct, and indirect detection.

DOI: 10.1103/PhysRevD.104.063038

I. INTRODUCTION

Both the dark matter (DM) and strong-CP problems can
be solved by introducing a new global symmetry into the
Standard Model (SM) of particle physics [1,2]. This new
Peccei-Quinn (PQ) symmetry Upq(1) predicts a hypotheti-
cal particle known as the QCD axion [3,4]. Unlike weakly
interacting massive particles, DM axions are typically
much lighter than the rest of the SM [5-7]. Their produc-
tion mechanism must therefore rely upon nonthermal
processes to ensure they are nonrelativistic at the time of
recombination. These nonthermal processes generically
produce gravitationally bound clumps of axions known as
axion miniclusters. In this paper, we characterize the degree
to which tidal interactions can change the properties of these
miniclusters over the lifetime of the Milky Way (MW).

Worldwide, there is an active research program searching
for QCD axion DM, as well as more general axionlike
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particles [8]. Unfortunately, the axion’s coupling to SM
particles is expected to be extremely small and therefore
challenging to probe. The majority of searches rely upon
modifications to Maxwell’s equations due to the axion-
photon coupling g,,, [9-16]. This has inspired a number of
terrestrial direct search strategies [17-32]." Indirect probes
of axions also utilize the axion-photon coupling but instead
in astrophysical settings. For example, Galactic axions can
convert into radio photons in the magnetic field of a neutron
star (NS) [38—42]. If the NS is locked in a binary system
with an intermediate mass black hole, it may be possible to
uniquely detect the radio signal jointly with a characteristic
gravitational wave signature [43]. Substructures in the
axion distribution may have dramatic effects on all such
searches.

The production of QCD axion DM is tightly connected
to the thermal history of the Universe. After the Upg(1)
symmetry is spontaneously broken, the axion field relaxes

'For additional details, see the recent reviews on axion
cosmology [33,34], models of QCD axions [35], and detection
techniques [36,37].

© 2021 American Physical Society
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towards the bottom of its potential. When the Universe has
cooled down to the QCD phase transition, nonperturbative
QCD instantons lead to the explicit breaking of the PQ
symmetry [44,45], giving rise to a new CP-conserving
minimum in the potential. After the QCD phase transition,
the axion field undergoes coherent oscillations about this
minimum, damped by the Hubble expansion rate H. This
process is known as the vacuum realignment mechanism
[5-7]. The DM energy density in this scenario is stored in
the coherent oscillations of the axion condensate and
depends on the initial value of the axion field when the
PQ symmetry breaks, which is parametrized by the initial
misalignment angle 6,. We generally expect the axion
energy density to be proportional to 67 except around
0; ~ = where the nonharmonic terms in the axion potential
become important [46-50]. The properties of the axion
condensate crucially depend on whether the spontaneous
breaking of the Upq (1) symmetry occurs before or after the
end of inflation. In the preinflationary scenario, the value of
0, is uniquely selected over the whole observable Universe.

Here, we consider the opposite scenario in which the PQ
symmetry is broken after the end of inflation—the post-
inflationary scenario. In this case, the initial misalignment
angle 6; takes different values in different patches of the
observable Universe, since no patch has been selected by
the inflationary process. In this postinflationary scenario,
self-gravitating substructures called axion miniclusters
(AMCs) [51-53] are expected to form. Moderate O(1)
overdensities initially lead to the formation of minicluster
“seeds” [54] which later collapse into gravitationally bound
AMCs at around matter-radiation equality [51-53,55].%
Instead, AMCs cannot form in the preinflationary scenario
even when the initial conditions of the QCD axion field are
extremely fine-tuned [56].

Significant progress has been made towards solving the
early Universe dynamics of the axion; numerical simula-
tions loosely constrain the fraction of cold DM axions in
these bound structures fapc to be O(1% 100%) [54,57].
This fraction faymc plays a fundamental role in the
prospects for axion DM detection. For example, if most
of the DM is bound in AMCs, the probability of having a
substantial DM density near Earth may drop drastically,
due to the rarity of Earth-AMC encounters [58], making
direct detection methods ineffective. Similarly, the encoun-
ter rate of AMCs with a single NS is likely to be low,
rendering radio observations of individual NSs ineffective
in the search for axion-photon conversion. Fortunately,
encounters between miniclusters and the MW population
of NSs can give rise to interesting transient radio signals, as
we show in our companion Letter, Ref. [59].

It is possible to assess the fraction of cold axions bound
in AMCs through femtolensing induced by individual

’Note that we will use the terms miniclusters and AMCs
interchangeably throughout the paper.

miniclusters [60,61], microlensing from minicluster halos
formed after matter-radiation equality from hierarchical
merging [62-64], and minicluster lensing of highly mag-
nified stars [65]. These studies typically treat fapc as a
constant, but miniclusters interacting with their environ-
ment in fact cause foypc to become dependent on both time
and spatial position. Tidal interactions of miniclusters with
larger host halos, with each other, and with condensed
baryonic objects all play a pivotal role in the survival of
miniclusters [66]. In this paper, we quantify the degree to
which interactions between miniclusters and stars can
change the characteristics of AMCs today. We focus on
the MW, where stars are abundant and constitute the
dominant disruption mechanism [67,68]. In particular, we
present a formalism that describes the reaction of an AMC’s
internal state to an interaction with a star. We then use this
formalism to run Monte Carlo simulations of AMCs as they
orbit the MW and interact with the stellar population. For
computational simplicity, we make a number of simplifying
assumptions. First, we do not concurrently evolve AMCs
through structure formation and stellar disruption. Second,
we assume that the MW has been in a steady state since its
formation. Despite these assumptions our results represent a
fundamental step towards quantifying the importance of tidal
stellar interactions for the distribution of AMCs in the MW.
As we argue in Sec. IV A, relaxing our assumptions will not
change our overall conclusions but future work should
quantitatively address these issues.

In addition to AMCs, axion stars (ASs)—another class of
axionic astrophysical object—are expected to form and
remain stable over cosmological times (in particular the
dilute branch of axion stars [69]). Importantly, they may
readily form within miniclusters, producing a central core
[70-72]. For simplicity, we do not simultaneously consider
both AMCs and ASs. Instead, we make a cut on the
minicluster parameter space in order to focus on those
AMC:s for which the density profile is known most reliably
(as described in Sec. I1E).

This paper is structured as follows: in Sec. II we describe
the initial distributions of AMCs in the MW that represent
the starting point of our work. Section III discusses the
dynamics of successive stellar encounters. In Sec. IV we
discuss our Monte Carlo simulations and how to interpret
the results. We then discuss the minicluster population
today in Sec. V and how this applies to observational results
in Sec. VI. Finally, we discuss future work and conclude in
Sec. VII. Throughout this paper, we limit our discussion to
axions which constitute 100% of the DM and only consider
the QCD axion. Specifically, we assume a Kim-Shifman-
Vainshtein-Zakharov (KSVZ)-like [73,74] axion of mass
m, = 20/4€:V,3 and we comment on results for different

*We choose the DM axion mass to agree with recent numerical
simulations that also work under the assumption of a KSVZ axion
[57,75].
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masses in Sec. VII. Our results can be extended to other
axion models, provided that the distributions of AMC
masses and overdensities are modified accordingly.

II. MINICLUSTERS IN THE MILKY WAY

Cold axions are produced in the early Universe through
nonthermal processes at the time 7, at which the axion
field begins oscillating, when the Hubble rate is of the order
of the axion mass. The present number density of axions is
given by

p y
ng, = = gscv (1)
a

where a is the scale factor (set to unity today), and p is the
axion energy density. The subscript “osc” indicates the
value of the parameter at 7. Equating the energy density
of axions today to the observed DM abundance fixes the
value of the axion mass. The computation of p . requires
one to simulate the dynamics of the topological defects
associated with the spontaneous breaking of the PQ
symmetry, which is a significant challenge. Here, we
follow recent literature on the subject and we fix m, =
20 ueV [57,75], although a wide range of masses is still
possible [76].

An individual AMC can be characterized by an initial
overdensity parameter J, discussed in Sec. I A, and an
initial mass described in Sec. II B. Due to the randomness
of the initial conditions of the axion field over causally
connected patches, AMCs are formed with a range of
overdensity parameters and masses. We note that predic-
tions for the AMC properties are still under debate in the
literature and we attempt to highlight these uncertainties
throughout. We emphasize, however, that our framework
can be straightforwardly recast under different assumptions
for the initial distribution of AMCs, as we discuss in Sec. V.

A. Distribution of overdensities

After the DM axion field has started to oscillate, its mean
background density scales with temperature as
pu(T) = 3Teqs(T)/4, where s(T) is the entropy density
at temperature 7 and T, is the temperature at matter-
radiation equality. A density fluctuation p, > p, decouples
from the cosmological expansion at the temperature
Ts = (14 6)Te, where 6 = (p, — p,)/P, is the overden-
sity parameter. After this, the overdense region undergoes
nonlinear gravitational collapse, becoming gravitationally
bound into an AMC [52,60]. Assuming spherical collapse,
the density of a virialized minicluster is [77]

pAMC(5> = 140(1 + 5)53peq’ (2)

where p, is the average matter density at matter-radiation
equality. The AMC density payc(8) does not depend on

the interaction of the axion with matter, nor on the axion
mass. For this reason, we expect that our results will be
unchanged for AMCs formed from an axionlike field, as
long as the axionlike field makes up the entirety of the DM.

The distribution of overdensities dfsyc/dS can be
assessed through numerical simulations [57,77]. In this
paper, we adopt the expression for dfayc/dé used in
Ref. [57] and we span the range of values & € [0.1,20]
(corresponding to characteristic densities payc € [10%,2x
10'°] Mypc=2). For completeness, we report the formula
used in the Appendix C. Mapping out the correlation
between ¢ and the AMC mass M pyc is currently challeng-
ing, as the simulations used to derive dfyc/dé stop at
matter-radiation equality [57], while we are interested in the
mass function in the late Universe. In the following, we
assume that there is no correlation between df spc/dd and
the AMC mass distribution introduced below, though our
formalism can be straightforwardly extended to incorporate
such correlations.

B. Initial halo mass function

The characteristic comoving number density of AMCs
per logarithmic mass interval is described by the halo mass
function (HMF). The HMF at matter-radiation equality (at
redshift z.q) can be assessed by evolving the PQ field from
the moment at which the PQ symmetry breaks until z,
[54,57]. The high-end tail of the HMF shows an exponen-
tial cutoff which, at recombination, is placed at around the
largest mass of the AMCs, M, (zeq) & M [54.78,79]. The
characteristic mass M, is associated with the axion energy
density contained within a Hubble horizon at 7. [80]

_4n Posc Y 20 ueV\ /2
Mo =3 (14+8) 3= ~ 1071 Mo (1 45)( = * ,
(3)

where M, is the Solar mass.

Perturbations in the axion density continue to grow after
matter-radiation equality, so that the HMF evolves under
hierarchical structure formation. N-body simulations fol-
lowing AMC structures from recombination to z &~ 99 lead
to a HMF dP/dIn M sy & M ayc?, with a characteristic
slope y ~—0.7 [78]. This result corroborates the semi-
analytic solution obtained by using the Press-Schechter
formalism [81], which finds that the mass function at late
times scales as M~ for small masses, and as M 93 for
large masses, over the mass interval 10715 <M /Mg <
10~ [64]. Earlier work found the slope ~ — 0.5 [62,63].

As structure formation proceeds, the high-end cutoff of
the HMF evolves according to the Press-Schechter analysis,
since AMCs of mass Mayc > My form through hierar-
chical structure formation from the early seeds of mass
M amc < M. On the other hand, the assessment of the low-
end mass cutoff is challenging ([82], Sec. V.2). Both the

063038-3
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semianalytic formalism and the numerical assessment of
the low-end tail of the mass distribution M ypc << M, show
limitations due to a number of factors. For example,
fluctuations in this regime are not Gaussian so the Press-
Schechter formalism cannot be used; in addition, resolving
the power spectrum at such small scales is a numerical
challenge [83]. Note that neither the numerical simulations
of the early Universe, nor the Press-Schechter formalism
account for the possible presence of ASs, which we discuss
in Sec. II E.

Here, we model the HMF at the present time z = 0 as

dP B y
dIn MAMC Mmaxy - Mmin

¥ MAMCy’ (4)

where the expression is valid within the mass range
M in £ M anvc £ Mk otherwise we set the HMF to zero.
We fix the characteristic slope to y = —0.7 as suggested by
recent simulations of the collapse and mergers of AMCs
[78]. We adopt the HMF low-end cutoff M ;, and high-end
cutoff M, from Refs. (62,63].* The low-end tail of the
HMF distribution is cut off at the mass M ,;,, which at the
time of AMC formation is proportional to the axion Jeans
mass. These smallest collapsed miniclusters then grow
slowly to z = 0 today.

The high-end cutoff of the HMF arises from the fact that
the largest overdensities in the initial Gaussian density field
are exponentially suppressed. The exact value of M, is
not important in determining the properties of the AMC
distribution, since the HMF is peaked towards low values
of the mass with negligible contributions from masses
M spic > M.

Mpyin = 3.3 x 107 My,
My = 5.1 x 1075 Mo, (5)

Note that the lower end of this mass range will be
suppressed by our AS cut, as described in Sec. I1E. The
characteristic radius R zpic for an AMC of mass M pyc is of
the order of

3IM 1/3 M 1/3
Rape ~ [ ——AMC ~14x 10" m(——AMC )
47p amc(5) 107" Mg

(6)

The HMF in Eq. (4) has been obtained without consid-
ering the effects of the tidal stripping of AMCs due to
nearby stars in the MW or due to the mean Galactic field.
The distribution in Eq. (4) gives us the initial HMF. In
Sec. III, we assess the effects of tidal stripping on the

*We note that recently Ref. [79] found a HMF with an overall
shift to lower masses. As we will show below, the disruption
process is approximately independent of the AMC mass; this shift
will therefore not have a substantial effect on our results.

population of AMCs, which effectively modifies the initial
HMEF to yield the true HMF today. Because the HMF is a
falling power law, the lightest AMCs will dominate the
MW population, meaning that our results could in principle
be sensitive to the low-mass cutoff M,;,. While M, lies
below the minimum mass that passes our AS cut criteria, it
may still affect the AMC population through its influence
on the normalization of the HMF.

C. Distribution of AMCs in the Galaxy

Given the DM density profile in the MW ppy(r), we
model the spatial distribution of the number density of
AMC:s as

namc(r) = famc 5‘32\(43 ) (7)

where (M pyic) is the mean AMC mass before disruption is
accounted for. Using the HMF in Eq. (4), we obtain the
value (Mapc) = 1.4 x 1071% M. Here, we set fayc =
100% (though all our results can be trivially rescaled).

The distribution of the DM density in the Galaxy ppy(r)
is modeled according to a Navarro-Frenk-White (NFW)
density profile [84],

_ Ps
) = e )

where we set the parameters p, = 0.014 My pc™ and r, =
16.1 kpc [85].

D. Density profiles of AMCs

For the internal density profile of the AMCs p;,(R), we
consider two different models, namely (i) a self-similar
power-law (PL) profile, and (ii) an NFW profile as in
Eq. (8). These density profiles are illustrated in Fig. 1.° The
density profile of an AMC for case (i) is described by
[63,86]

Iy

w = (5) o®e-R.

where ©(x) is the Heaviside step function. We truncate the
PL profile at a radius

SMage |2
Rl = (2Mane ) (10)
47p amc (6)

We fix p,ri/* = pamc(8)(RE0)%/4 /4 [63], to give mean
density pamc(6) and the correct total mass for the AMC.
Such PL profiles are expected from models of secondary

’In the rest of the paper, we heroically endeavor to use
lowercase r for galactocentric radii and uppercase R for AMC
radii.
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FIG. 1. Models for the internal density profile of AMCs which

we consider in this work: power-law, Eq. (9), and NFW, Eq. (8).
Vertical dashed lines show the truncation radii Rapc. We fix the
characteristic mass and density to Muyc = 1071 My and
pamc = 106 Mg pc™3 (8~ 1.55) respectively. In the NFW case,
the mean density is much lower and the AMC is much larger.

infall [87] and have also been observed in numerical
simulations of the gravitational collapse of AMCs [55].
The PL profile likely describes the density of AMCs at
formation and therefore would be most suitable for the
lightest AMCs which have not undergone growth through
mergers.

The most massive AMCs are formed hierarchically
through mergers of smaller AMCs, as is generically
expected for cold DM substructures [62,63,78]. This
motivates model (ii), in which the density is described
by a NFW profile, defined in Eq. (8). The exact corre-
spondence between (M e, 0) and the NFW parameters is
somewhat arbitrary. We follow Ref. [63] and make the
identifications p; = pamc(8) and

M svc 173
ry = , (11)
4mpamc () fxrw(c)
where the function fypw(c) =In(1+4+c¢)—c/(1+c¢) is

defined in terms of a “truncation” parameter ¢ = Rppc/
ry, which we fix to ¢ = 100.° The AMC profile is truncated

at the radius
1/3
) , (12)

where the numerical result holds for 6 = 1. With these
choices, the mean density enclosed within r; is

M anvic

R = er, 6.5 107 m (e

®This truncation parameter is analogous to the concentration
parameter used to characterize isolated NFW halos, and which
relates the virial radius of the halo to its scale radius, ¢ = R.;./r.
‘We will sometimes therefore refer to ¢ as the “concentration” of
the AMC.

3/nEw(D)pame(8) = 0.58pamc(8) and the total mass
enclosed within Rayc 1S M amc-

Numerical simulations suggest AMC concentrations of
¢~ O(100) at z = 99 [78], growing roughly as (1 + z)~!
to ¢ ~ O(10*) today [64]. However, AMCs with such large
concentrations would have a density in their outskirts
which is many orders of magnitude lower than that of
the host halo of the MW. We therefore fix ¢ = 100 to
account for the fact that such diffuse AMCs would have
been rapidly tidally truncated. This tidal truncation will
lead to a reduction in the AMC mass compared to the initial
mass described in Sec. II B. As described in more detail in
Sec. IVA and Appendix A, this amounts to a mass loss of
5%—-40% (depending on the initial AMC mass). For NFW
AMC s, we therefore correct the initial HMF to account for
this mass loss, as described in Sec. VA. Note also that as
we show in Appendix E, fixing the truncation parameter to
¢ = 10* instead should have a minimal impact on our
formalism and results.

Even fixing ¢ = 100, the above choices lead to NFW
miniclusters which are much more dilute than the PL case,
allowing us to also explore a more conservative scenario.
For a given M yc and pamc, AMCs described by this
NFW profile (with ¢ = 100) will have a mean internal
density which is O(10°) times lower than the correspond-
ing PL profile, as illustrated in Fig. 1.

Recent N-body simulation [78] suggest that the tran-
sition from direct collapse (PL-like profiles) to hierarchical
structure formation (NFW-like profiles) should occur at
around M ~ 10713 M, for an axion of mass m, = 20 ueV.
However, dedicated cosmological simulations are required
to confirm the detailed behavior of AMC density profiles as
a function of M sy c. We therefore perform our analysis
assuming that either all AMCs have PL profiles or that all
have NFW profiles, in the spirit of bracketing the uncer-
tainties on the final AMC properties.

E. Axion stars

Nonrelativistic ASs are described by solitonic solutions
to the Schrodinger-Poisson equation and are expected to
form in the central regions of AMCs in the right conditions.
In particular, the central density of an AMC must be high
enough to allow two-to-two processes to cool their inner
core and lead to the formation of a Bose-Einstein con-
densate [53,88]. This process has been observed in recent
numerical simulations [70-72] and has shown a character-
istic core-halo mass relation [89]

2 M 1/3
Mpg =156 x 10712 Mo( ’ ﬂeV) (1 IJEAC> . (13)
mg o

where we have evaluated the expression today and ignored
O(1) factors. The corresponding radius is given by [89]

063038-5
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20 ueV\2 (M
Rag = 3.85 x 1078 m< 0 pe ) (—O>

mg M ss
~1/3
=247 x 105 m(Z0#VY) (Mamc) T gy
m, 1M

The inverse relationship between the AS’s mass and radius
leads to a problematic scenario for low-mass AMCs in
which the central AS’s radius would be larger than that of
the corresponding AMCs. To avoid this unphysical descrip-
tion of an AMC, we perform a cut on the overall population
in which we only consider miniclusters with a radius
larger than the radius of the corresponding AS at its
center, i.e.,

Ramc(0) > Ras- (15)

These results will be referred to as the “AS cut.”

For the smallest overdensity parameter that we consider
6 = 0.1, we find that no AMCs with masses below 5.0 x
10716 M, pass the AS cut for PL profiles, while no AMCs
below 1.6 x 10718 M, pass in the case of NFW profiles.
In both cases, these minimum masses exceed the value
of M, in Eq. (5). Starting from the initial population of
AMC:s described in this section, we then find the fraction of
AMCs which pass the AS cut is fPL = 2.7 x 10~ for PL
density profiles and fNFW = 1.5 x 1072 for NFW profiles.
The difference between the two density profiles arises
because for a fixed mass M sy and characteristic density
pamc, PL profiles are more compact and the AS radius in
Eq. (16) is more likely to exceed the AMC radius.

We emphasize that current numerical simulations (for
example, Refs. [57,71,78]) do not have sufficient resolution
to observe the formation of ASs in the lightest AMCs and
therefore their existence and evolution has not yet been
confirmed. However, our aim is to cut out AMC-AS
systems which are likely to be most problematic. Even
with this cut, it is also possible that the central density core
produced by the presence of an AS may affect the stability
of AMCs to tidal perturbations. The treatment of light
AMC-AS systems requires dedicated study and is left to
future work.

III. TIDAL STRIPPING OF AXION MINICLUSTERS

AMCs can be disrupted by their encounters with stars
[90] as well as by tidal interactions with the gravitational
field of the disk [67]. In this section, we aim to model the
interactions of stars with AMCs. Importantly, we model
and track all interactions, including those that do not lead to
the total disruption of an AMC. Through many successive
weak interactions, these AMCs can lose mass and poten-
tially have greatly enlarged radii. This population of
perturbed AMCs may result in quantitatively distinct

observational signatures when compared to an unperturbed
population (see Sec. VI and Ref. [59]).

First, we describe how to treat an individual AMC going
through a series of interactions. We then discuss in Sec. [V
our Monte Carlo procedure to model a population of AMCs
being perturbed.

A. Encounter dynamics

Stars are dense objects with relatively small radii.
Similarly, AMCs are small, meaning that the large majority
of encounters will occur when the separation between these
objects is significantly larger than their physical size. We
therefore work in the “distant-tide” approximation [92]. In
this approximation, a minicluster of mass Mayc going
through an encounter with a stellar object would increase
its internal energy by a quantity [93] (see also Refs. [94-97]):

AE ~ <2GM,>2MAMC<R2> (16)

b*vV 3 '

where M, is the mass of the stellar object, b is the impact
parameter of the interaction, V is the relative velocity
between the objects, and the mean squared radius (R?)
accounts for the mass distribution inside the AMCs [94]. We
parametrize the mean squared radius as (R?) = @’R syc?s
with > = 3/11 ~0.27 for the PL profile and o® ~0.13
for the NFW profile. Such an encounter is illustrated in
Fig. 2.

The size of the energy injection, as described by Eq. (16),
should be compared with the binding energy of the AMC,
which we write as Eypjg = SGM anic?/Ramc- The O(1)
prefactor f depends on the internal density profile for
which we find f = 1.5 for the PL profile and = 3.46 for
the NFW profile. There are then two distinct regimes for the
energy injectiong:

(i) An encounter with a sufficiently small impact
parameter will inject more energy than the binding
energy Ep,q of the AMC leading to complete
disruption.

(i) An encounter with a large impact parameter that
simply injects energy into the AMC but does not
completely unbind it.

The first regime (AE 2 E,g) can be reexpressed as
b < byin, Where we have defined the minimal impact
parameter that does not entirely disrupt the minicluster as

bonin(8) % @(%) " (17)

"These encounters may leave a stream of axions behind them
which can also lead to features in direct detection experiments
[68,91], but here we focus on the properties of surviving AMCs.

We only split these two regimes for the purposes of dis-
cussion. Computationally, both are treated in the same way.

063038-6



STELLAR DISRUPTION OF AXION MINICLUSTERS IN THE ...

PHYS. REV. D 104, 063038 (2021)

FIG. 2. Tllustration of an AMC-star encounter taking place at a
distance r from the Galactic Center. An AMC with radius R ¢ 1S
passed by a star of mass M, with impact parameter b and relative
velocity V. The energy AFE injected into the AMC is given in
Eq. (16).

Here, p = 3M pyic/ (4nR apc(8)?) is the mean density of
the AMC. An encounter between a PL AMC with 6 =1
and a perturbing object of mass M, = 1 M with a relative
velocity V = 1073¢ gives by, ~ 0.01 pc, which is much
larger than the typical size of an AMC, as is required by the
distant-tide approximation. Note that this expression
depends only on the density of the minicluster, and not
on its size or mass separately. Indeed, the fractional energy
injected AE/Ey;,q depends on the AMC properties only
through the mean density, and we therefore expect that the
behavior of the AMCs under perturbations should be
independent of M syc. As pointed out in Sec. I D, for a
given mass M pnic and overdensity &, the mean density of an
AMC is significantly lower for NFW profiles than for PL
profiles. As we will see, AMCs with NFW profiles are
much more easily disrupted than their PL counterparts.

The second regime occurs for larger values of the impact
parameter b > b;,. In this regime, a single encounter does
not completely unbind the AMC, but energy injected
through multiple encounters can lead to mass loss or a
change in radius and may eventually disrupt the AMC. We
study this second regime in more detail below.

B. Perturbing the miniclusters

To estimate the mass loss from a minicluster when it is
perturbed, we study the evolution of the phase space
distribution function of axions in the minicluster:

dN

ﬂg)Em”m' (18)

For isotropic, spherically symmetric distributions of par-
ticles, the distribution function depends only on their
specific relative energy

e——E _wry- 2, (19)

mg

where W(R) = —®(R) is the gravitational potential relative
to the boundary at infinity ([92], Chap. 4.3).

For spherically symmetric systems in equilibrium, the
potential is a monotonic function of the radius R, meaning
that the density profile can be expressed as a function of P,
p(R) = p(¥(R)). The distribution function can then be
determined from the density profile using the Eddington
inversion method ([92], p. 290):

1 e 1 dp
(&)= A N/ T (20)

f

As discussed in Sec. II D, we will consider two possible
density profiles for the AMCs: PL and NFW. For the PL
profile, the distribution function can be computed analyti-
cally (see e.g., Ref. [98]) while the NFW distribution must
be computed numerically. See Appendix D for more
details.

Consider then a perturbation to the minicluster of total
size AE. Given that the critical impact parameter for
disrupting the minicluster is already much larger than
the minicluster size, we will assume that b > Ryc.
Under this condition, the average energy injected per unit
mass increases with distance from the AMC center as R>
[93,94] and can be written:

AE R?
Manc (R?)

AE(R) = (21)

Particles with £ < 0 immediately after the perturbation can
be considered unbound; numerical simulations of the
disruption of stellar clusters suggest that the subsequent
relaxation of the system should not substantially change the
fraction of particles which are unbound [99,100]. So in
order to compute the mass loss we need only calculate the
minicluster mass in particles with energy £ < AE. This is
given by

AM = M(< A€) :/ ARAVSf(E)

E<AE(R)

RAMC vmax(R)
= 1677 / R*dR / 2duf(E)O(AE(R) - &)
0 0

16 2/RAMC R2dR /min[AE(R).‘P(R)]
= T
0 0

x dE\/2(P(R) = E)f(E). (22)

where the escape speed is v (R) = /2¥(R) and we

have also used v = \/2(¥(R) — £) and d€ = —vdv. All
calculations in this section are done assuming a fixed
potential ¥(R) as given just before the interaction, which is
justified in the limit where the mass loss is small and mostly
happening at the outskirts of the object.
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FIG. 3. Fractional mass loss (solid lines) for AMCs with power-
law and NFW profiles as a function of the size of the perturbation
AFE, in units of the binding energy Ey;,q. Dashed lines show the
fraction of the injected energy which is carried away by the
ejected mass f;, while dotted lines show the fraction of the initial
AMC energy stored in particles which are eventually unbound in
the interaction.

Note that we have defined the distribution function f(&)
for an isolated AMC which extends to infinity. In practice,
in Eq. (22), we implement a hard truncation of the AMC at
a radius R = Rppc. We assume therefore that particles at
R > Ranc are no longer bound to the AMC but are instead
bound to the diffuse halo of the MW. Note also that our
definition of the distribution function is not strictly con-
sistent with a truncated density profile, as we have
calculated the potential assuming that the AMC extends
to infinity (for convenience). Physically, this means that
particles near R = R,,,, are moving more quickly (and are
therefore more easily unbound) than they would be in a self-
consistent model for the miniclusters. We therefore consider
this calculation as conservative from the perspective of AMC
disruption. Nonetheless, the error induced by this approxi-
mation should be small because, as we will see, these density
profiles are close to being in virial equilibrium.

In Fig. 3, we plot the mass loss as a function of the size of
the perturbation AE, expressed in terms of the binding
energy Eying = BGM snic’/ R amc- The fraction of mass lost
in an encounter grows with the size of the perturbation,
tending slowly to AM ~M for AE > E;q. The “flat-
tening” in AM /M occurs because energy is predominantly
injected into particles in the outskirts of the AMC which are
only loosely bound. Very large amounts of energy are
required to strip away the tightly bound particles close to
the center. Our calculations are in line with results from
N-body simulations of stellar clusters, which show a mass
loss of 20%-30% for energy injections AE ~ Ey;4 (see
e.g., Fig. 6 of Ref. [100]).

TABLE I. Numerical values of the prefactors used for charac-
terizing the AMC properties: the mean-squared radius (R?);
binding energy Ep;,q; and velocity dispersion squared ¢2.

PL NFW Expression
a2 027 013 <R2> = C(zRAMCZ
B 1.5 3.47 Eping = PGM pmc?/Ramc
K 1.73 3.54 6% = kGM anic/ R avc

Once some mass has been stripped away from the
minicluster, we must compute the properties of the surviv-
ing object. The total energy of the minicluster is

1
Eioal = EM AMCU2 — Eping- (23)

The velocity dispersion squared 6> can be computed from
the distribution function and may be parametrized as
0% = KGM ppic/ R amc- The total energy can then be written

K GM? K
Etotal = (E _ﬁ> ﬁMﬁ[C = <ﬁ - 1>Ebind7 (24)

allowing the energy of the AMC to be related to its mass
and radius. Objects in virial equilibrium should have k = f.
As we have noted above, the artificially truncated profiles
we consider are not strictly in equilibrium, leading to values
of k =1.15 p for PL profiles and x = 1.02 # for NFW
profiles. In Table I we collect the numerical values of the
prefactors obtained for each expression.
Energy conservation implies that

EE)ound + AE = E}J[ound 4 E}nbound’ (25)

where the subscripts i and f denote quantities defined just
before and after the interaction. Superscripts “bound” or
“unbound” refer to the respective subsets of particles, as
defined through Eq. (22), and we use E? =F; and
Et]’c"‘mcl = E; for clarity. We assume that unbound particles
are removed instantaneously to infinity. Energies include
both the kinetic energy of the particles as well as their
potential energy.

We can estimate E}"""® by taking the initial (preinter-
action) energy of the subset of particles that is going to be
unbound EY"°u"d and adding the energy that is transferred
to these particles during the interaction. This yields

E;nbound — E;mbound + fej AE, (26)

where f; is the fraction of the total injected energy that
goes to unbound particles. Putting these components
together, we can write the final energy of the AMC after
collision as
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FIG. 4. Fractional change in the minicluster properties x = {M, R, Ey;,q} under repeated perturbations for AMCs with power-law
profiles (left panel) and NFW profiles (right panel). We fix the size of each perturbation to be 1000 times smaller than the initial binding

energy, AE = 10‘3Ebind’l—.

E; = E;+ (1 — fo)AE — Eynbound, (27)

The fraction f can be calculated by performing a
similar calculation as for the mass loss in Eq. (22), but
weighting the integral by the amount of energy injected at
each radius AE(R), as given in Eq. (21). We find that f;
depends on the size of the perturbation AE and is typically
afactor of a few times larger than the fraction of mass ejected
AM /M ppics as illustrated in Fig. 3. The initial energy of the
particles which will eventually be unbound E¥"°'"d can be
taken as the sum of the kinetic energy of these particles plus
the change in the binding energy from removing these
particles. The final binding energy is calculated self-
consistently from the density profile immediately after the
interaction (see Appendix D for more details).

We assume that after the perturbation, the AMC will
relax on a short timescale to have the same density profile
(and for NFW profiles, the same truncation parameter
¢ = 100), but described by a new mass and radius. This
assumption is made for computational simplicity—
however, there is some indication from N-body simulations
that perturbed DM substructures do retain a universal

density profile [97,100].° The final mass is M’y =
Miy;c — AM, while the final radius can be calculated from
the total energy using Eq. (24):

R{AMC — (E—ﬂ) G<M£MC>2.

. P (28)

We note that the internal relaxation time scale f. ~
Ramc/0, ~10* yr of the AMCs is several orders of

9Note, however that Ref. [97] uses different definitions for
binding energy and energy injections.

magnitude shorter than the average time between substan-
tial encounters, At ~ fyiw/Nene ~ O(10%) yr, where
tvw & 13.5 x 10° yr is the age of the MW and N, ~
10* is the typical number of encounters (see Fig. 7). We
therefore assume that there should be sufficient time for
AMC:s to relax between successive encounters.

The assumption that the AMCs will have the same density
profile after the perturbation allows us to follow the evolution
of a large number of AMCs under many perturbations in a
computationally feasible way. However, we note that this
assumption is conservative. From Eq. (21), energy is injected
into and mass is lost predominantly from the outer parts of the
AMC. The remnant should therefore be more dense after the
perturbation, making it more resistant to further perturba-
tions. Our assumption therefore leads to a smaller number of
surviving AMCs than a more detailed (but computationally
expensive) calculation.

In Fig. 4, we illustrate the evolution of the mass, radius,
and binding energy of a minicluster under repeated pertur-
bations. We fix the size of each perturbation to be 1000 times
smaller than the initial binding energy, AE = 10‘3Ebind,i. In
the PL case (left panel), we see that with each perturbation,
mass is lost but energy is also injected and as a result the
AMC becomes larger in size and is eventually disrupted
entirely. This typically takes place with fewer encounters
than expected without accounting for the evolution of the
minicluster properties [which would be O(10%) in this case,
due to the fixed size of the perturbations]. Miniclusters with
NFW profiles (right panel) show a similar behavior.
Crucially, when AE becomes comparable to the remaining
binding energy [after O(450) encounters in this example] the
AMC radius begins to decrease. This is because for large
AE/Eynq, almost all of the injected energy is carried away by
the ejected mass (f¢ tends to one in Fig. 3), leaving the
remnant smaller and more dense than before the interaction.
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This behavior—seen also in studies of tidal shocks in
globular clusters [101]—emphasizes why we must carefully
account for the redistribution of energy through Eq. (27).

IV. MONTE CARLO SIMULATIONS

Having described how individual miniclusters are per-
turbed, we now want to understand the overall population
of AMC:s and their interactions over the history of the MW.
We therefore run Monte Carlo simulations for this pop-
ulation of AMCs. For simplicity, we make a distinct split
between structure formation and the stellar disruption of
AMCs—these two processes would typically happen con-
currently (see Sec. IVA). Our simulations are therefore
initialized with the expected properties of an AMC pop-
ulation today, at z = 0. We will discuss how removing this
assumption could affect our results in Sec. IVA. N-body
simulations of a population of AMCs may be required to
fully understand the details of the population today.
Nevertheless, we attempt to capture the relevant physics
in a simple and interpretable process.

We perform two different simulations using either the PL
or NFW AMC density profiles. In reality, we expect the
majority of AMCs to show an NFW profile for M 2 M and a
PL profile for M < M,,, with the intermediate mass region
being populated by both. Our simulations therefore attempt
to bound the range of possible AMC populations today. We
run the simulations for fyw = 13.5 billion years, therefore
allowing for the maximum amount of disruption within the
lifetime of the MW. The stellar distribution in the MW is
assumed to be static in time and is modeled as a bulge plus a
disk, as described in Appendix B. Again, we will discuss how
changing these assumptions could change our results in
Sec. IVA.

Our simulated miniclusters are distributed in a spheri-
cally symmetric halo and follow elliptic orbits with a focus
at the Galactic Center, where eccentricities follow the
distribution shown in the top panel of Fig. 5 [102]. We
show later in Fig. 10 that this reproduces the Galactic NFW
density profile. For a given orbit, the time variation of the
galactocentric radius r of the orbit is described by the
expression

dr 2 1 a(l-e?
dt \/G ml(r a r2 )’ (29)

where a and e are the semimajor axis and the eccentricity of
the elliptic orbit respectively. For simplicity, we take M,y
to be the mass of the MW enclosed within a sphere of radius
a given by the NFW profile [84]. The orbital radius is
bounded by the values a(l —e) <r <a(l+e) and the
period is given by Ty, = 27+\/a’/(GM.,,). The proba-
bility of finding an AMC at a specific radius at a particular
instant in time is given by

Slr 1
a9
0 Il Il Il Il 101
:gl@ 100 E
S ee]
. I
-% 107!«
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FIG. 5. Top panel shows the eccentricity probability distribu-
tion for the orbits of AMCs taken from Ref. [102]. Bottom panel
shows the joint probability that an AMC will have a particular
semimajor axis and eccentricity given a particular galactocentric
radius r = 8 kpc.

P(rla,¢) = - <d’">_1. (30)

Torb E

In Fig. 6 we show the binned distribution of P(r) for the
values of the eccentricity e = 0.1 (blue), e = 0.5 (orange),
and e = 0.9 (green). For small values of e, P(r) approaches
a delta function at r = q, i.e., a circular orbit. The values of
P(r) are larger at the boundaries r = a(1 =+ ¢) because the
radial motion of the minicluster vanishes at either apsis and
so dt/dr diverges. Figure 5 shows the joint probability
distribution for a and e given a particular galactocentric
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FIG. 6. The binned probability of finding an AMC at a
particular radius » with a fixed semimajor axis a = 1. We show
distributions for eccentricity values: e = 0.1 (blue), e = 0.5
(orange), and e = 0.9 (green).
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radius (assuming the distribution for ¢ shown in the top
panel of Fig. 5 [102]). Importantly, it shows that the
majority of AMCs found at a particular radius will have
similar semimajor axes (r ~ a) and relatively low eccen-
tricities e < 0.4. At the same time, Fig. 5 shows a non-
negligible fraction of the population of AMCs found at a
particular galactocentric radius will have highly eccentric
orbits and a variety of semimajor axes.
Our Monte Carlo simulations range over a logarithmic
grid of values for the semimajor axis a € [0.1, 50] kpc. For
each value of a, the simulation proceeds as follows:
(1) We generate a set of Ny = 10° AMCs where the
mass is sampled from a log-flat distribution between
M o and M, and in overdensity according to the
distribution dfspvc/dé in Eq. (Cl). The log-flat
sampling was used to ensure that we had a suffi-
ciently large number of high mass AMCs in our
simulations. We will discuss how to reweight the
results of the simulations (and how we apply the AS
cut) to recover the true distribution in Sec. V. We
draw the eccentricity of each AMC orbit from P(e),
which we treat as independent of the galactocentric
radius. Finally, each AMC is also given a random
inclination angle y with respect to the Galactic
plane, uniformly sampled within [-7/2, z/2].

(2) For each AMC orbit, we compute the number
density of the stellar field encountered by the
AMC as a function of time n, () over a full orbit
(see Appendix B). We then evaluate the total number
of encounters with stellar objects over an orbit as

TOr
N :/ bdtn*(t)VAMC(t) '”brznax’ (31)
0

where b, is the maximum impact parameter that we
consider (see below) and V zpc () is the velocity of
the AMC as a function of time. The total number of
interactions is then given as Ny, = N X (tyw/ T o )-
We truncate the total number of interactions at N, =
10° which we justify below.

(3) For each AMC, we sample N, relative velocities
and impact parameters. From these we compute a list
of energies Ej;, to be injected with each encounter,
using Eq. (16). The relative velocities are calculated
by sampling from the integrand of Eq. (31) to
compute a distribution of the most likely interaction
times. These interaction times can then be converted
into a list of radii and AMC velocities using the Vis-
Visa equation [103]. To obtain the encounter veloc-
ities, we then add a random 3D velocity drawn from
the local stellar velocity distribution, which we take as
a Maxwell-Boltzmann distribution with dispersion

6, =\/GM(r)/r. The impact parameter is

randomly drawn from the probability distribution
defined as

w2 (32)

db b
We fix the maximum impact parameter b, such that
the energy injected is 1/N,, times smaller than the
initial binding energy of the minicluster, AE (b, ) =
Epind/New = 107%Ey;,q. The truncation at N, is
therefore not physically relevant for completely dis-
rupted AMCs but is sufficiently large to capture the
effects of partial disruption. We find typical values of
Bmax ~ 1072 pc and by, ~ 107! pc for PL and NFW
profiles respectively.

(4) We then iteratively perturb each AMC, through Ej;,
using the prescription described in Sec. III A. We
recompute the new radius and mass after each
iteration. As we note in Sec. III B, in some cases
the density of a NFW minicluster can increase after
an encounter, making it more resistant to further
disruption. When this happens, we recompute b,
using the procedure described in the previous step.
We then recompute the number of interactions in the
remaining simulation time and truncate this at N .
If the total AMC energy, given in Eq. (23), climbs
above zero, we consider it to be completely dis-
rupted and remove it from the simulation. Note that
we do not keep track of which AMCs pass the AS
cut during the simulations, instead applying the AS
cut to the distribution of perturbed AMCs, as
described in Sec. VA.

Histograms of the number of interactions as a function of
the galactocentric radius can be seen in the upper two
panels of Fig. 7—to simplify the discussion, we show
results for AMCs on circular orbits only. Note that here we
count the number of simulated interactions for each AMC,
stopping either at the end of the simulation time or when the
AMC is disrupted. There is a clear difference between the
PL (top) and NFW (middle) simulations which can be seen
as a distinct shift to larger numbers of interactions for NFW
profiles for a fixed galactocentric radius. The shift origi-
nates from the smaller average density of the NFW
miniclusters, which is reflected as a lower average binding
energy. The reduced binding energy leads to more inter-
actions above the threshold of AE/E,;q > 107°. In the
NFW case, we also see that the number of interactions
rarely extends beyond 10*. This is because the AMCs are
either completely disrupted or are stripped to leave a high
density remnant (for which further interactions above the
threshold of AE/E.;,q > 107 are rare).

The lower panel of Fig. 7 shows the value of AE/Ey;4
for a sample of 10° interactions in the Monte Carlo
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FIG. 7. The top and central panels show the number of stellar
interactions with AMCs on circular orbits at various galactocen-
tric radii. Compared to AMCs with PL density profiles, mini-
clusters with NFW density profiles undergo significantly more
interactions with AE/Ey;,q at a fixed galactocentric radius. For
illustration, in the bottom panel we show the distribution of
injected energies for PL profiles (which is approximately inde-
pendent of galactocentric radii).

simulation. The majority of interactions inject only a small
amount of energy, while about 1 in 1000 interactions are
strong enough to give rise to substantial mass loss
AE ~ Ey;,q. This further justifies our cut on the maximum
number of interactions N, = 10°, as this is much larger
than the ~1000 interactions which would typically be
required to unbind an AMC.

A. Assumptions and caveats

1. Milky way properties

We have so far neglected the disruption of AMCs due to
tidal stripping by the host halo of the Galaxy. The impact of
tidal stripping can be quantified by considering the tidal
radius of the AMCs, the distance from the center of the
AMC at which tidal forces from the MW halo become
comparable to the self-gravity of the bound AMC [104].
We find that for PL profiles, the tidal radius is several orders
of magnitude larger than the physical radius of the AMC,
making them robust to tidal stripping. Instead, NFW
profiles with ¢ = 100 may be comparable in size to their
tidal radius, especially at small Galactocentric radii. It is
therefore likely that NFW AMCs have undergone some
tidal stripping by this mechanism, from their initial con-
centration of ¢ ~ 10%, to reach our assumed concentration
of ¢ = 100. We therefore apply a correction of 5% 40% to
the initial mass of NFW AMCs, to account for this mass
loss. However, given the small size of these corrections, we
conclude that complete disruption by this mechanism is
unlikely and subdominant to stellar disruption (see also
Ref. [104]). Full details concerning tidal stripping due to
the MW halo are given in Appendix A.

The orbital motion of an individual AMC is influenced
by dynamical friction exerted by the MW ([92], p. 644).
The orbit of an AMC with virial velocity v(r) at the
galactocentric radius r decays with a timescale

am
vi(r)

where £(r) ~ O(10) is a dimensionless function and p(r) is
the background density of the MW at the orbital radius r.
Setting p(r) to the Galactic NFW distribution, with the
corresponding expression for the virial velocity, Eq. (33)
gives tg S tyw for M <1075 Mg and r= 0.1 pe.
Conversely, the orbits of the heaviest AMCs would be
destabilized at very small Galactocentric radii. However, as
we will see, tidal disruption by objects in the stellar bulge
would disrupt these AMCs well before fyw. We can
therefore ignore the effect of orbital decay.

Throughout this work, we only include tidal interactions
with stars. In particular, we account for ~10'! stars and fix
their mass to be 1 M. Since the stellar mass function is
relatively steep,10 the vast majority of stars are around
1 M. We therefore expect that considering different stellar
masses will produce only a small correction to our results.
In addition, we have not considered tidal interactions with a
separate population of NSs or white dwarfs which, despite
having a mass of the same order as that of a typical star, are
at least an order of magnitude less numerous [106]. Again

tie = [42Gp(r)] &(r), (33)

0The Salpeter initial mass function, which is used almost
universally, is given by dN/dM o« M~>% [105].
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we expect the corrections to our simulation results to be
small when accounting for these additional astrophysical
objects.

Finally, we neglect variations in the stellar density over
the lifetime of the MW. Since the lifetime of a solar mass
star is O(10'%) years, the majority of stars born early in the
MW’s history will have finished their life cycle by today. It
is therefore important to understand whether changes to the
stellar abundance could affect our results. Luckily, the star
formation rate is much larger than the death rate [107],
meaning that the stellar density has been increasing
throughout the lifetime of the Galaxy. By using a stellar
density as measured today we are therefore overestimating
the amount of tidal stripping that could happen over the
lifetime of the Galaxy. Nevertheless, the total stellar mass
of galaxies like the MW is thought to be relatively constant
(within a factor of two) since z ~ 1 [108]. Future work
should adopt a time varying model of the MW which
follows the cosmological star formation history [109].

2. Structure formation

As mentioned above, for computational simplicity we
made a distinct split between the hierarchical structure
formation that these AMCs will undergo and their tidal
stripping through interactions with stars. The interplay of
these two physical effects requires a detailed study which
we leave to future work. Nevertheless, our split represents a
conservative approach since we allow for the maximum
amount of tidal stripping to occur for all AMC masses.
Lighter AMCs are more abundant and are likely to have
experienced fewer merger events than their heavier counter-
parts. These lighter AMCs have therefore been present in
our Galaxy for the longest period of time—our procedure
should therefore be a good reflection of the tidal stripping
for lighter AMCs. Heavier miniclusters, on the other hand,
are less abundant and have been gradually merging
throughout the history of our Galaxy. Mergers gradually
increase the maximum mass that an AMC can achieve. For
the heaviest AMCs, our simulations overestimate the
amount of tidal stripping that may have occurred by today.
On the other hand, Figs. 5 and 7 of Ref. [63] show that
AMCs with M < 10°M ~ 107% M, collapsed before z ~
10 and therefore substantially before the formation of the
MW. For these lower masses our simulations should
capture the effects of stellar tidal interactions very well
throughout the MW halo.

For the most massive AMCs, from 107° Mg up to
M e =5 %X 107 M, there is still some uncertainty. At
smaller galactocentric radii the survival probability is low
(r £10 kpc for NFW profiles and r <3 kpe for PL
profiles). For high mass AMCs (which formed through
mergers) in these regions, we neglect the effects of
concurrent structure formation and stellar interactions,
leaving this to future work. In the outskirts of the MW
halo r 2 30 kpc, stellar encounters are quite rare and will

therefore not dramatically affect the growth of more
massive AMCs. Fortunately, the high mass AMCs in the
inner regions of the MW are a tiny proportion of the total
number of miniclusters [[(9(10‘9)] so we therefore con-
clude that our simulations are accurate for the majority of
the AMC population.

3. Mutual AMC collisions

Throughout our simulations, we do not consider the
mutual interactions between miniclusters. To see that this
is a good approximation, we estimate the encounter rate
of two AMCs at the galactocentric radius r as '~
n(r)o(r)(R?) where n(r) ~ pyw(r)/(Manc) and o(r) is
the virial velocity associated with the NFW profile. These
encounters occur rather frequently, for instance at r &~ 4 kpc
the encounter rate is '~ (10° years)~!. For comparison,
the same computation for the encounter of a minicluster
with a star yields I' ~ (10" years)~'. However, mutual
AMC encounters only deposit a small amount of energy
during an interaction—this can be seen from Eq. (16)
which scales as the square of the mass of the perturbing
object. The mean mass of an AMC is ~10~'* M, meaning
that a typical AMC-AMC interaction will deposit 10728
times less energy than a typical AMC interaction with a
star. Therefore, despite their large interaction rate, mutual
AMC encounters will not significantly contribute to the
tidal disruption of miniclusters.

In addition to AMC collisions that lead to tidal dis-
ruption, mutual miniclusters interactions can also lead to
mergers. Importantly, the increased background density
within the MW with respect to the critical density will
cause these merger interactions to happen more regularly
than in typical simulations. Fortunately, this effect will be
most prominent in the Galactic Center where the density is
largest, but also where stellar disruption will be dominant.
We leave a complete study of this effect to future work.

4. Minicluster substructure

As discussed in Sec. II D, we expect the most massive
AMC:s to form from hierarchical mergers of lighter ones.
Numerical simulations of AMC clustering show that an
internal granular structure is expected on top of an overall
NFW distribution [78]. We have not considered such a
granular substructure, since lighter AMCs are expected to
be dissolved within the larger minicluster over the lifetime
of the MW due to the effects of dynamical friction [65].

V. AXION MINICLUSTERS TODAY

In this section we first discuss how to construct the true
AMC population distributions today from our Monte Carlo
simulations followed by a discussion of the results. Note
that although we present results for a specific choice of
HMF, the reconstruction procedure allows us to use the
same Monte Carlo results for arbitrary HMFs. In particular,
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this could include changes in the mass cutoffs M,;, and
M .x» changes to the AS cut, or the introduction of
correlations between the minicluster mass Mayc and
overdensities 0.

A. Reconstructing physical properties

Each of our Monte Carlo samples corresponds to N =
103 AMCs with orbits of a given semimajor axis a. In order
to calculate the survival probability and AMC properties as
a function of galactocentric radius r, we must assign each
sample a weight w, proportional to the time that AMC
spends at a given value of r, from Eq. (30). With this, we
essentially “smear” each AMC sample over a range of radii
r, allowing us to estimate the properties as a function of r
(instead of a). We assume that the initial number density of
miniclusters as a function of semimajor axis nayc(a)
follows an NFW profile. For a single AMC with semimajor
axis a; and eccentricity e;, the weight assigned in some
radial bin Ar is then

w = [%} x [4rainamc(a;)] x (P(rla;, ;) s, (34)

The first term accounts for the fact that the Monte Carlo
samples are not uniformly distributed in a, but concentrated
on logarithmically spaced grid points, with spacing Aa;.
The second term is the assumed initial probability distri-
bution for the semimajor axis P(a), with nayc defined in
Eq. (7). The final term is the fraction of time spent at a
given radius, defined in Eq. (30), averaged over the radial
bin of interest. The AMC number density at a given
galactocentric radius can be obtained by summing over
the weights of all AMCs (with potential contributions from
all values of a). This smearing procedure gives rise to an
approximately NFW profile as a function of galactocentric
radius nayc(r), as shown by the black dashed line
in Fig. 10.

The number density of AMCs at a galactocentric radius r
can be written as

dn
dMdR

(I") :psurv(r)nAMC(r)P(M7R|r)’ (35)

where the survival probability is defined as the ratio of the
number of surviving AMCS N (r) to the number
Ninitiat (7) at a given radius: pgur () = Noury (%) / Ninigial (7)-
The probability distribution for the minicluster mass and
radius at a given galactocentric radius P(M R|r) can be
extracted from the Monte Carlo simulations.""

Our Monte Carlo simulations were performed with a log-
flat distribution of AMC masses. The results must then be
adapted to reflect the true mass function of the AMCs.

"For clarity, we now drop the subscript AMC from M sy,
R AMC» etc.

From our simulations, we obtain the final density p and the
mass-loss fraction v = M /M, of each AMC in a sample.12
The simulations confirm that the distribution of p and v do
not depend on the initial AMC mass but only on the initial
density, as discussed in Sec. III A.

For a given initial mass function P;(M;), the final
distribution of masses can be obtained by integrating over
all possible initial masses M;, selecting only those which
produce the correct final mass M. The joint distribution
of AMC mass and density after disruption can then be
written as

P(My,plr) = /5(Mf—Z/Mi)Pi(M,»)P(p,v|r)d1/dM,»

= /%Pi(Mf/y)P(p,u r)dv. (36)

Here, P(p,v|r) is the final probability distribution for the
density and mass-loss fraction at a given galactocentric
radius. We can now write the final mass function as a
Monte Carlo integral:

o f [ 12

Z Pi(Ms/uy), (37)

k

i(My/v)P(p,v|r)dvdp

where we have replaced the integral by a sum over the N
surviving AMCs, with properties (py,vy), distributed
according to P(p,v). The index k runs over the AMCs
in the sample, with the weights w; calculated at a given
galactocentric radius, as described above. Here, AMCs
which have been completely disrupted are excluded from
the integral (or the corresponding sum). The distribution of
final radii Ry can also be written as

P(Rf|r)~ )~ = <3M.f> Pi(My/vy)

and similarly for any other distribution of interest. We fix
the initial mass function according to Eq. (4), with slope
y = —0.7. For NFW AMCs, we also apply a correction of
5%—-40% to the initial AMC mass to account for tidal
stripping due to the MW host halo. This is implemented
directly in the definition of P;(M) for NFW AMCs. Full
details are given in Appendix A.

Since the disruption process is mainly sensitive to the
densities of the AMCs (and not the AMC masses), we do
not expect a significant difference to our results when
changing the HMF. For consistency, we therefore re-run the
entire pipeline using a different slope y = —0.5 and find

. (38)
My=%piRs?

2For AMCs with PL density profiles, there is no mass loss, so
vy = 1 for all AMCs.

063038-14



STELLAR DISRUPTION OF AXION MINICLUSTERS IN THE ...

PHYS. REV. D 104, 063038 (2021)

T T T T T T T
100F . 1 100F ]
R rac = 6.96 kpe N N Iy 1
. ‘\\ Psurv = 0.91 1073 L // \\\ i 1071 E // \\\ ?
2 107 1€ d ™ ]
‘ S = N _ K AN
s £ 100 jE0E
& . RN _Q \\ a9 ’l, AN
X 107()_ \\ 4 x \\ X 5 ] \\\ 1
g £ 109 N
= 107 AN /
= N 1 \ ) W
XN 107 12F ‘\‘ b 10 i) === Unperturbed AMCs N3
\ Perturbed AMCs (NFW)
10—12 L 1 I L 10—15 1 I i 1075 L L L =
1072 107 107 107 1076 10710 1077 1074 107! 107! 10! 10°% 10°
Manc [Mo)] Ravc [pd] P [Mope?]
FIG. 8. Example of AMC properties from our Monte Carlo simulations before (black dashed) and after (solid olive) disruption. We

show the probability distributions of the mass M sy, radius R apic, and mean density p. We assume these to have NFW internal density
profiles and to be on circular orbits with a galactocentric radius of r = 6.96 kpc, leading to a survival probability py,, = 0.91. These
probability distributions are obtained through the reconstruction procedure described in Sec. V A. The grey shading indicates the regions
of the parameter space that are removed by the AS cut. The white lines shows the smallest value of the corresponding parameter that

passes the AS cut.

only a ~10% increase in the survival probability (compared
to y = —0.7) for NFW AMC:s at the solar position. This is
not due to a change in the disruption properties of the
AMC:s but rather a change in the fraction of AMCs passing
the final AS cut. There is no appreciable change for PL
miniclusters. We therefore do not consider y = —0.5
further.

In our numerical results, we assume that all axions are
bound in AMCs (famc = 1) with masses between M,
and M, given in Eq. (5). For our “AS cut” results we use
the fotal perturbed sample of AMCs and require that the AS
radius be smaller than the AMC radius. This reduced
sample is then compared to the unperturbed sample with
the same cut applied (as described in Sec. IIE). As
mentioned in Sec. IIE, this cut effectively reduces the
fraction of axions bound in AMCs.

The AS radius in Eq. (16) can be rewritten as

M -1/3
Rus = R, (ﬂ) ,

- (39)

where we define the constants R, = 1.7 x 107% pc and
M, = 107'® M. The AS cut therefore requires that

Mi -1/3
Ry > Ras(M;) = R*< ) s (40)

M,

where we calculate the AS radius using the initial AMC
mass, assuming that the properties of the central AS are
unaffected by perturbations. In Eq. (37) and Eq. (38), this
cut is equivalent to summing only over those samples
which satisfy

13M, (M2 1 (Mp\2
P (M—’> ~4.66 Mopc3;<M—f>. (41)

B. Results

In Fig. 8, we show an example of the reconstructed
probability distributions of AMC properties at the end of
our Monte Carlo simulations. Specifically, we show results
for AMCs with NFW density profiles and, for simplicity, on
circular orbits with Galactocentric radius of » = 6.96 kpc. In
this case, only around 9% of miniclusters are destroyed—this
can be seen in Fig. 9 from the olive dashed line—but the
properties of those which survive are drastically altered. The
results in Fig. 8 do not include the AS cut. However, the
shaded areas indicate regions of the parameter space which
are progressively removed by this cut. In particular, no
AMC:s pass the AS cut to the left of the vertical white lines.

Focusing on the left panel of Fig. 8, we see that the low-
mass tail of the distribution of AMC masses extends to
lower values after disruption is taken into account. This is
due to mass loss from miniclusters which are perturbed but
not completely disrupted (see Sec. III B). In some cases, the
final mass of an AMC is reduced by several orders of
magnitude compared to its initial mass. We have verified
also that the fractional mass loss does not depend on the
initial mass of the minicluster but only on its density.

The right panel in Fig. 8 demonstrates the strong depend-
ence of the disruption on the initial AMC density. From our
discussion in Sec. III, we expect the amount of energy
injected per encounter to scale as AE/Epng ~ Riyvc/
M snvic ~ 1/ pamc- Indeed, we see that very dense miniclus-
ters undergo little disruption. Instead, less dense miniclusters
(e.g.,around I M pc?) have alow survival probability and
those which survive lose mass. If the AMCs undergo only
small perturbations, they may increase in radius through
energy injection, leading to a tail of diffuse miniclusters
(down to ~1073 M pc=?). Instead, large perturbations can
cause substantial mass loss from the AMCs, but very little
energy is injected into the remnant. This leads to an overall
increase in the typical AMC density. The distribution of
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FIG. 9. Survival probability of AMCs as a function of their galactocentric semimajor axes (left) and galactocentric radii (right). The
vertical dashed line marks the position of the Solar System. In the right panel we show the survival probability for both circular (dotted)
and eccentric (dashed) orbits. The eccentric orbits are smeared out according to the proportion of time they spend at a given
galactocentric radius (as described in Sec. V A). Finally, we show the survival probability for miniclusters with eccentric orbits that pass
our AS cut (solid line) where we have normalized this to be one at large galactocentric radii.

AMC radii (central panel in Fig. 8) follows from this same
argument. The typical AMC is more dense after accounting
for stellar interactions, leading to a reduction in the AMC
radius.

In Fig. 9, we show the survival probability of our
simulated miniclusters as a function of both their semi-
major axes (left) and galactocentric radii (right) for both PL
and NFW internal density profiles. The right panel shows
results for both eccentric and circular orbits where the
former is constructed using the prescription described in
Sec. VA. In both panels we see that there is a characteristic
transition from the high stellar density inner region r <
O(1) kpc (where the number of interactions between stars
and AMCs is so high that almost all miniclusters are
completely disrupted) to a low stellar density outer region
r 2 O(10) kpc (where interactions are rare). This change in
the number of interactions can be seen clearly in Fig. 7.
Focusing on the left panel of Fig. 9 we see a distinct shift of
the transition region to larger radii from the PL to NFW
density profiles. This shift comes from the enhanced
number of interactions at a fixed galactocentric radius
for NFW miniclusters—this can also be seen in Fig. 7.

In the right panel of Fig. 9, we see this same distinct shift
from PL to NFW profiles for both eccentric and circular
orbits. Moving from circular to eccentric orbits produces a
smearing of the transition region caused by the distribu-
tions of semimajor axes and eccentricities that contribute to
the AMCs at a particular galactocentric radius, as shown in
Fig. 5. For example, at low galactocentric radii, the AMC
density will have contributions from both quasicircular
orbits which spend a large amount of time in dense stellar
regions and highly eccentric orbits that spend the majority

of their time in low density stellar environments at
larger radii.

We also show results for the survival probability of
AMCs which pass the AS cut (solid lines). In this case, we
normalize the survival probability to one at large galacto-
centric radii, which is equivalent to factoring out the initial
fraction of AMCs which pass the cut, fPL = 2.7 x 107* for
PL density profiles and fNEW = 1.5 x 1072 for NFW
profiles. The survival probability with the AS cut is always
smaller than without the cut. This is because stellar
perturbations can strip the AMCs until their radius drops
below the corresponding AS radius. This demonstrates that
the AMC properties can be substantially altered by stellar
interactions. At the solar radius, we find a survival
probability (including the AS cut) of 99% for AMCs with
PL profiles and 46% for AMCs with NFW profiles.

Finally, Fig. 10 shows the density of AMCs as a
function of the galactocentric radius. First, we show that
we are able to correctly reconstruct the Galactic NFW
profile (gray dotted line) using the initial sample of
unperturbed miniclusters with NFW-distributed semima-
jor axes (gray solid line). The fraction of AMCs that are
removed through the AS cut is indicated by the reduced
normalization of the dot-dashed lines. The density of
perturbed miniclusters passing the AS cut is shown by
the solid lines. The PL profile AMCs (blue solid line)
maintain a population down to small radii—these AMCs
are still likely to have undergone many interactions and
therefore may have significantly different properties to
those at the start of the simulation. In contrast, the NFW
miniclusters (olive solid line) show a sharp reduction in
density at around r ~ 10 kpc.
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FIG. 10. Density of simulated AMCs before taking into account
stellar interactions (solid gray), compared with the expected
NFW profile for the DM halo (dotted gray). The spatial
distribution of AMCs with PL and NFW internal density profiles
are shown as blue and olive lines respectively. The density
profiles are extracted from the Monte Carlo simulations accord-
ing to the weighting procedure in Sec. V. We also show the
distribution of unperturbed and perturbed AMCs passing the AS
cut (dot-dashed and solid lines respectively).

VI. APPLICATIONS

Many experimental probes of axion DM require one to
make assumptions about both the large scale halo distri-
bution of DM and its structure on small scales.

Here we briefly investigate the phenomenological con-
sequences of our results for a few primary observational
channels.

A. Lensing

Gravitational lensing has been used to constrain the
fraction of DM in the form of faint compact objects [110].
Surveys actively search for microlensing events caused by
objects passing through the line of sight between the Earth
and stars in target structures like the Magellanic System
[111-115], the inner Galactic bulge [113—115], and M31
[116,117].

For simplicity, we limit our discussion to microlensing
from a pointlike lens of mass M with a pointlike back-
ground source—in reality both the lensing AMC and the
background galaxy are extended objects. To assess the
impact of our Monte Carlo results we compute the differ-
ence between the expected number of lensed events,
perturbed and unperturbed, for a variety of observational
targets. We leave a more detailed analysis for future work.

We denote the observer-source, observer-lens, and lens-
source distances as Dg, D = xDsg, and D; g = (1 — x)Dg
respectively with 0 < x < 1. We expect the set of micro-
lensing events over some observation time to be Poisson
distributed with the expected number of events given
by [112]

TABLE 1II. Parameters used for the source location and halo
modeling. We report the distances of the LMC [118] and M31.
We also specify the NFW parameters used for the MW [119], for
the LMC [120], and for M31 [121].

Dg|kpc] (¢4, by) ry[kpe]  py[Mq/kpc?]

979
MW bulge 8.3 (1.09°,-2.39°)  16.1  11.8 x 10°
LMC 48 (280.5°,-32.9°)  12.6 2.6 x 10°
M31 780 (121.2°,-21.6°)  25.0 5.0 x 10°
_ d’r
N dr | dx——-. 42
ex & / / dxdt (42)

The differential event rate for a single source star with
respect to distance and event time, d°I"/ (dxdt), depends on
the mass distribution of AMC:s, their velocity distribution,
and is proportional to the number density of lenses along
the line of sight nyc(x). Here we treat nayc(x) as a proxy
for the expected number of lensing events.

We consider microlensing events from sources residing
in the following targets: the MW Galactic bulge, M31, and
the Large Magellanic Cloud (LMC). Miniclusters in either
the halo of the MW or in the target’s halo could lead to
lensing events. We model the DM halo distribution in each
target galaxy and in the MW according to the NFW density
profile in Eq. (8). In Table II we report the distances
between the Solar System and the source Dg, together with
the Galactic longitude and the latitude (£, b,) and the
parameters used to model the NFW profile. For the LMC
and M31 we use the AMC survival probability obtained in
the MW but rescaled by the scale factor r, of the target
galaxy. The distribution of AMCs between the Solar
System and the source is given by the sum of the profiles
along the line of sight.

Results are shown in Fig. 11 for the LMC (top), the MW
bulge (middle), and M31 (bottom). We show the number
density of AMCs as a function of the ratio of the lens
distance to the source distance x = Dy /Dy for the per-
turbed population derived from our simulations (solid line),
assuming NFW (olive) and PL (blue) AMC density
profiles, including the AS cut, and using the same color
code as in Fig. 9. For comparison, we also show the results
when perturbations are neglected (dot-dashed line).

In Fig. 11, considering observations of the LMC (top
panel), the number density of the NFW AMC population is
strongly suppressed both towards the inner region of the
MW (x <« 1) and the LMC (x = 1), with respect to the
unperturbed one. This behavior is evident also for AMCs
along the line of sight towards the Galactic Center (middle
panel), for both PL and NFW profiles. For M31 (bottom
panel) the difference between the populations is not clearly
visible, except near the center of M31 where the number
density is significantly affected. This is because we fix the
line of sight to end at the center of the target galaxy, where
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FIG. 11. The number density of AMCs (in kpc™?) as a function

of the distance of the lens x = Dy /Dg for the unperturbed
population (dot-dashed line) and for the total population of
perturbed AMCs (solid lines). We show the results for target
sources placed in the LMC (top), in the MW bulge (middle), and
in M31 (bottom). For the both perturbed and unperturbed
populations, we have applied to AS cut.

the distribution of perturbed AMCs drops significantly.
Fixing the line of sight to point at other regions of the target
galaxies, where the survival probability of AMCs is higher,
would lead to smaller differences. Note that for PL profile
AMCs, the number density closely follows the unperturbed
distribution for x < 1, i.e., within the MW. Compared to
those with PL profiles, NFW miniclusters show a more
dramatic reduction in the number density along the line of

sight for all three sources. This is due to the difference in
survival probabilities shown in Fig. 9.

Using Eq. (42), we denote the fractional decrease in the
expected number of lensing events before and after tidal
interactions as 6y = AN, /N. For sources in M31 we
expect oy =% 0.5% (PL) or oy =~ 18% (NFW), where the
discrepancy is almost entirely due to the AMC disruption in
the target galaxy. When considering the LMC as a source,
we find oy =~ 1% (PL) or oy ~32% (NFW). The largest
difference is clearly seen in searches towards the MW bulge
where 6y ~ 12% (PL) or 6y =~ 92% (NFW). Even when the
fractional decrease in the number of events is small, the
properties of these events could change dramatically. For
instance, the duration of the microlensing events can be
significantly shortened since the surviving AMCs are each
less massive than in the unperturbed case. A more careful
analysis would be required to determine the predicted
properties of AMC microlensing events.

B. Direct detection

The main direct detection experiments that would be
affected by the presence of AMCs are ‘“haloscopes.”
Haloscopes convert cosmic axions into a detectable signal
inside a resonant cavity immersed in a strong magnetic field
[9,10]. Once the settings for the cavity have been fixed, the
power output P, from the conversion of the cosmic axions
in the magnetic field of the cavity is proportional to the
local energy density of axions p, times gﬁw [9,10]. The value
of the local energy density has contributions from a smooth
component in the solar neighborhood and from substructures
like streams and AMCs. This means that for a fixed value of
Jayy» P, can still vary significantly. In particular, an AMC
passing near the Earth would enhance the power output of the
cavity for a short amount of time. This is expected to be a
rather rare event, as estimates show that an encounter would
occur only every 10* 10° years [58,80].

Here, we compute the encounter rate for AMCs of radius
Ravic with the geometrical cross section of the Earth
6 = nR3c- In principle, a correction due to gravitational
focusing becomes important for miniclusters with radii
smaller than R = 2GyMg/c% ~ 10 km, where Mg, is the
mass of the Earth and ¢, ~ O(200 km/s) is the velocity
dispersion at the Earth’s location. Since miniclusters are
much larger than R, we neglect this focusing contribution.
The encounter rate between the Earth and the population of
miniclusters is

Io = namc(ro)(ou)(re), (43)

where navc(rg) is the local number density of AMCs,
ro = 8.33 kpc is the distance of the Solar System from the
MW Galactic Center [122] and (ou)(rg) is the velocity-
averaged cross section weighted with the probability
distribution of Rapc at 7g.

063038-18



STELLAR DISRUPTION OF AXION MINICLUSTERS IN THE ...

PHYS. REV. D 104, 063038 (2021)

The local number density is given by Eq. (7) times the
fraction f, that accounts for the AS cut in the HMF given
in Sec. II E. We compute (ou)(rg) from the distribution of
AMC radii at r = r, obtained from the Monte Carlo
simulations for both the unperturbed and the perturbed
populations, taking into account the full distribution of
masses and densities. The number densities of perturbed
AMCs are also weighted by the survival probability in
Fig. 9. Two competing effects combine in the computation
of the encounter rate for the perturbed population. In
general, successive perturbations tend to puff up AMCs,
making their mean radius larger and encounters with Earth
more probable. On the other hand, stellar encounters destroy
some of the AMCs (or strip them to below the AS cut),
thereby lowering the chance of encounters. For the PL profile
the two effects compensate, leading to the same encounter
rate [’y ~ (4 x 10° years)~! for both the unperturbed and
the perturbed AMC distributions. For the NFW profile, the
first effect dominates, leading to 'y ~ (10° years)~! for
unperturbed AMCs and Ty = (4 x 10% years)~! for per-
turbed AMCs. The difference in the magnitude of the results
between the NFW and the PL populations is due to the larger
fraction of NFW AMCs which pass the AS cut as well as the
larger typical radius for NFW profiles. Recall that the results
for I', are inversely proportional to the AMC fraction, which
we set to famc = 1.

In Fig. 12, we show the enhancement of the local energy
density of axions, p,/pg, during an encounter with an
AMC, as a function of time. We fix pg = 0.45 GeV cm™
and we show time in days. The energy density p, is given
by Eq. (9) for miniclusters with a PL profile (top panel) and
by Eq. (8) for miniclusters with an NFW profile (bottom
panel). We have considered an overdensity 6 =1 and
masses M = 10710 Mg (red and black lines) and M =
10712 M (blue line), with an impact parameter b =
0.1Rppc (red and blue lines) and b = 0.5Rppc (black
line). The maximum enhancement is regulated solely by the
ratio between the density of the AMC, which is propor-
tional to pamc(8) in Eq. (2), and pg, while the mass of the
AMC controls the duration of the encounter. Encounters
with PL profile miniclusters are shorter and have greater
enhancements than those with NFW miniclusters.

The small rate and short duration of these interactions
makes AMC encounters with Earth mostly irrelevant for
direct axion searches. We find that an encounter has a
typical duration of O(10) days, giving a probability of
0O(1073) and O(107%) that the Earth is currently inside
such an AMC for NFW and PL AMCs, respectively.
Nevertheless, the AMC fraction fyc and its evolution
in the MW is an important quantity for direct detection. If
all axions are locked up in AMC:s, direct searches may be
ineffective. In addition, the disruption of miniclusters can
lead to streams of axions, which can produce an important
contribution to the local density [68,91]. We will assess
these streams more carefully in future work.
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FIG. 12. The enhancement in the local axion density due
to the encounter of Earth with an AMC, in units of
pPo = 0.45 GeV/ cm’, as a function of the duration of the
encounter in days. We separately show the impact of a minicluster
that follows a PL profile (top panel) and an NFW profile (bottom
panel). We have considered an overdensity 6 = 1 and masses
M = 1071 My (red and black lines) and M = 1072 M, (blue
line), with an impact parameter b = 0.1R 5y;c (red and blue lines)
and b = 0.5R zc (black line). We have considered AMCs which
have not been perturbed. As we show in the main text, these
AMC encounters with Earth would be rare.

C. Indirect detection

Axion-photon conversion in astrophysical magnetic fields
can lead to potentially detectable radio-wave signals. For
example, axions can resonantly convert into photons in the
magnetic field of a NS [38] and nonresonantly in the Galactic
Center of target galaxies [123]. The latter process is severely
suppressed in favor of photon-photon pair production [124—
126]. The search for these radio signals is complementary to
laboratory experiments and might help disentangle the
coupling g,,, from the cosmic axion abundance.

The photon production rate in these astrophysical envi-
ronments depends on the local number density of axions,
which is enhanced in the presence of an AMC. In Ref. [59],
we compute the expected signals from encounters between
miniclusters and NSs.
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VII. DISCUSSION AND CONCLUSION

In this paper we quantified the degree to which tidal
interactions with stars can affect the final distributions of
AMCs in the MW. We performed Monte Carlo simulations
for AMC:s on circular and eccentric orbits, and with PL and
NFW density profiles. Importantly, we quantified the
survival probability of AMCs as a function of the gal-
actocentric radius (Fig. 9), showing that in the inner regions
of the MW, r<O(1) kpe, AMCs are substantially
depleted. At larger radii, r 2 O(10) kpc, AMCs have a
high probability of surviving.

The interactions of AMCs with stars can also alter the
properties of the surviving AMCs (Fig. 8) through partial
mass loss and energy injection. We have presented the
procedure for deriving these properties using the results of
our Monte Carlo simulations (with accompanying code
and distributions at github.com/bradkav/axion-miniclusters
[128]). This allows our results to be reinterpreted for an
arbitrary initial distribution of AMCs in the MW.

As discussed in Sec. IVA, for computational simplicity
we made a number of assumptions. We reiterate two
assumptions here as they are of primary importance for
future work. First, we decoupled structure formation from
our tidal interactions by initially populating the MW with
AMCs following a halo mass function evaluated today.
Fortunately, the majority of AMCs (in particular the less
massive ones) form before the formation of the MW halo,
meaning that we expect only small changes to our final
distributions of miniclusters if we were to follow both
structure formation and tidal interactions. This concurrent
evolution should be investigated more precisely in future
work. Unfortunately, it may be difficult to simultaneously
obtain the necessary scale and resolution needed to
simulate both stars and AMCs. Second, we assumed a
static MW halo with a fixed stellar population as measured
today (see Fig. 15). Future work should replace this
assumption with a coevolving stellar population that
follows the cosmic star formation rate [109] and an
evolving MW halo model such as Ref. [127].

Throughout the disruption calculations, we neglected the
effect of ASs, which may form in the centers of AMCs. The
formation and evolution of these ASs is still uncertain.
Since we do not account for these ASs, we instead place a
cut on the AMC parameter space which requires the central
AS to have a smaller radius than the host AMC (referred to
as “AS cut” and described in Sec. I E). For those that pass
the AS cut, we neglect the potential effects of a solitonic
core on the stability of the minicluster. Future work should
study the response of an AMC-AS system to tidal pertur-
bations and extend our prescription to account for this more
complete description of the axion substructure population.

Throughout this paper, we assumed that the entire
population of AMCs in the MW had either a PL or
NFW internal density profile. As discussed in Sec. IID
and Sec. IV A, it is still unclear which density profile best

describes the overall population of miniclusters—in fact it
is likely that the high-mass miniclusters have more NFW-
like profiles, while the lowest-mass miniclusters have PL-
like profiles. Here, we have tried to bracket the uncertainty
on the final distributions of miniclusters by using a very
concentrated profile (PL) which is robust to perturbations
and a more loosely bound profile (NFW) which is more
easily disrupted. More work is needed to assess how the
structure of these miniclusters evolves and, in particular,
which AMC masses are better described by NFW or PL
profiles (or perhaps some intermediate profile). By con-
struction, our results are reinterpretable, allowing us to use
this information to directly build more accurate descrip-
tions of AMCs today when it becomes available.

In the postinflationary scenario considered, the mass of
the QCD axion has to be tuned to a specific value 7, in
order to reproduce the present DM abundance. If we were
to set the mass of the QCD axion to be heavier than 7, the
axion would not be the dominant component of DM in the
Universe. This means that the predictions for the axion
mass enclosed at 7., i.e., the AMC mass, and the
distribution of overdensities would have to be recomputed
from new simulations taking into account the growth of
axion overdensities around the dominant DM component.
Such scenarios have never been considered in the literature,
nor are they taken into account in the present work. On the
other hand, an axion of mass m, < 7, is not allowed, as its
present energy density would be larger than what is
observed for DM. For this reason, we have chosen m, =
m, throughout the paper. Another subtlety lies in the
possible range of 7i7,. We have set 71, = 20 ueV following
recent estimates in the literature [57,75]. However, uncer-
tainties in the numerical computations hint at a range 771, =
O(10 — 100) pueV where the KSVZ axion mass could lie,
see Ref. [35]. Possible scaling violations in the string
dynamics could also suggest that a large number of axions are
produced from decaying strings in the early Universe,
leading to a value of the axion mass 7, ~ 500 ueV that
differs from the one we have set here [76]. Assuming a
different value of 771, would lead to a different characteristic
mass M, which would cause the related expressions for
M pin and M, to be modified. However the analysis we
have presented could be straightforwardly reapplied—as
we have stressed—and the results would not change
qualitatively.

Previous work has considered the effects of tidal
interactions on AMCs [66,68]. In particular, Ref. [66]
considered AMCs with PL profiles o r~!# and found that
around 2%-5% are destroyed at the solar position. At the
same position, we find that > 99% of AMCs with a PL
profile survive, while those with NFW profiles are more
easily stripped with a survival probability ~94% (see Fig. 9
without AS cut). This difference can easily be explained by
the fact that our PL profile is significantly steeper than the
one considered in Ref. [66], making our AMCs more robust
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to perturbations from stellar encounters. We also build upon
Ref. [66] in two key ways: first, we extend the calculation
of the properties of AMCs beyond the solar position to the
entire Galaxy; and second, we account for the injection of
energy from nonfatal interactions, allowing us to more
realistically describe disruption probabilities and the prop-
erties of AMCs today.

In our companion Letter [59], we use the results of our
Monte Carlo simulations to predict indirect signals from
AMC:s interacting with NSs. More precisely we: (i) simulate
the expected encounter rate for NSs passing through
AMCs; and (ii) estimate the expected radio signal from
the conversion of axions within the minicluster into
photons as they interact with the NS magnetosphere.
These results are complementary to the continuous radio
emission that is expected to come from axions in the
Galactic halo interacting with NSs [38—41].

As we showed in Sec. VI, correctly calculating the AMC
population today can have significant implications for a
variety of observational channels. It is therefore of upmost
importance to understand the interactions of these struc-
tures with their environment. Our results represent a
fundamental step towards characterizing these interactions
within the MW.

All code associated with this work (and the companion
Letter, Ref. [59]) is available online at github.com/bradkav/
axion-miniclusters [128].
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APPENDIX A: TIDAL STRIPPING FROM THE
MILKY WAY HOST HALO

Here, we quantify the impact of tidal stripping of AMCs
by the Milky Way host halo. For a point mass M syc on a
circular orbit at a galactocentric radius r, the tidal radius
can be written as [104]

R = r|:MAMC/MMW(r):| 1/3’

3— dIn Myw

(A1)
dinr |r

where My (r) is the mass of the Milky Way DM halo
enclosed within a radius r. At the tidal radius, the tidal
forces due to the host halo exceed the self-gravity from the
orbiting point mass. If the AMC radius exceeds the tidal
radius, then the AMC is likely to undergo tidal stripping by
the host halo.

In Fig. 13, we compare this tidal radius (solid black) with
our assumed AMC radius for PL (dashed blue) and NFW
(dashed olive) AMCs, fixing Myyc = 10719 My and
0 = 1.0. Both the tidal radius and AMC radius scale in
the same way with M}\ﬁc, so this comparison extends
straightforwardly to other AMC masses. For larger values
of the overdensity 6, the AMC radius would be smaller,
making such AMCs more robust to tidal stripping. This
means that the results we show in Fig. 13 for § =1 are
conservative.

T T R | T A | T L |
1072 £ —— AMC tidal radius in the MW 3

F ---- AMC radius (PL) ]
AMC radius (NFW)

1073k

Radius R [pc]
3

107 3
—6L1 1 1 I
TR 10" 10! 102
Galactocentric radius r [kpc]
FIG. 13. Tidal radius R, for AMCs in the Milky Way. We also

show the AMC radii assumed in the main text for PL (blue
dashed) and NFW (olive dashed) AMC density profiles, fixing
MAMC = 10710 MO and 6 = 1.0.
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For PL profiles, we see that the tidal radius is signifi-
cantly larger than the size of the AMC, even down to small
galactocentric radii, meaning that PL. AMCs should be
robust to tidal stripping. We therefore ignore any tidal
stripping by the MW host halo in the case of P AMCs. For
NEW profiles, instead, the tidal radius may be comparable
to the size of the AMC, particularly in the inner Galaxy.
These estimates were calculated assuming a concentration
of ¢ =100, while AMCs are expected to have a much
larger concentration (¢ ~ 10*) before they are accreted into
the MW. The picture we consider then is that initially large
AMCs were accreted and then tidally stripped by the MW
halo, down to a concentration of ¢ ~ 100, at which point
their physical radius becomes comparable to the tidal
radius. Mass is lost by the AMCs in this process, meaning
that the ¢ ~ 100 AMCs we consider should have a smaller
mass than objects drawn from the initial HMF described in
Sec. II B.

Analytic arguments and numerical simulations of DM
substructure suggest that the rate of mass loss due to tidal
stripping is suppressed by (m/M)¢, for a substructure of
mass m and host halo of mass M [133]. More carefully, we
can write ([134], Sec. I A)

m [(m\¢
ATdyn <M> ’

where 74y, is the dynamical time of the MW halo
(approximately 2.4 Gyr today)."® Fixing A = 1.34 and ¢ =
0.07 [134] and assuming a static MW, we can solve
Eq. (A2) to obtain an estimate for the fractional mass loss
over the age of the Galaxy. Given an initial AMC mass of
M,;, we find that the mass after stripping is

Mstripped = Mi |:1 + C<£> : (AIMW>:| _I/C’ (A3)

Myw Tayn

(A2)

= —

where tyw = 13.5 x 10° yr and My = 102 M.

The AMC mass after tidal stripping due to the host halo
is illustrated in Fig. 14. We see that NFW AMCs should
lose 5%—40% of their initial mass in this way. For
comparison, we show also the mass loss which would
be estimated by starting with an NFW density profile with
concentration ¢ = 10* (as expected for field AMCs at
z=0) and truncating the profile at R = Rppc/100
(leading effectively to a profile with ¢ = 100, as we
assume in the main text). This leads to a mass loss of
Frrw (100)/ fxpw (10%) ~ 50% (orange dashed line), in
rough agreement with the results of Eq. (A3) for the
heaviest AMCs.

BNote that Ref. [135] demonstrated the validity of Eq. (A2) for
the mass ratios considered in this work.
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FIG. 14. Mass of NFW-profile AMCs after tidal stripping by
the host halo M ippeq (solid blue). For NFW AMCs, we apply this
mass-loss fraction as a correction to the initial mass function in
the main text. For comparison, we also show the mass loss
expected by stripping an NFW halo from ¢ = 10* to ¢ = 100.

We incorporate this tidal stripping of NFW AMCs by
correcting the initial HMF using Eq. (A3):

am,

—_ A4
aM stripped ( )

P(Mstripped) = P(Ml)

We then use this distribution P(Myippeq) as the initial
distribution P;(M) described in Sec. VA of the main text.
This amounts to assuming that the tidal stripping from the
MW halo happens first, followed by perturbations from
stars. Of course, these effects will occur concurrently over
the age of the MW. However, as we have demonstrated, the
disruption of AMCs due to stellar encounters is largely
independent of AMC mass (depending instead predomi-
nantly on the mean AMC density), so we do not expect a
mass loss of O(10—40)% due to the host halo to
substantially impact the survival probability of AMCs.

APPENDIX B: STELLAR POPULATION IN THE
MILKY WAY

We assume that the Galactic distribution of stars can be
decomposed into an axially symmetric bulge in the inner-
most region and an axially symmetric stellar disk. We
model these distributions in terms of the galactocentric
cylindrical coordinates r.,; and z., which describe the
radial distance from the axis of symmetry and the height
from the Galactic plane respectively. In more detail:

(1) The essential features of the stellar bulge can be

captured by fitting the stellar density profile by a
truncated power-law distribution [136,137]
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e_(r//rcul)z

bulge bulge

pe (reyis Zen) = po (B1)

where we fix the parameters according to Ref. [138],
namely the core density p)"'* ~99.3 M /pc?, the

/72 (260/@) with = 0.5, the bulge

cutoff ry = 0.075 kpc, the exponent 4 = 1.8, and
reut = 2.1 kpc. Note that different models exist in
the literature that provide fits which deviate from an
axially symmetric solution, for example including
triaxality, see Refs. [136,139-141].

(2) The stellar disk component in the MW can be further
subdivided into a thin (t) and a thick (T) disk, as
inferred by the different chemical compositions and
spatial distributions [142,143], with the thin disk
hosting younger stars which are more concentrated
around the Galactic plane with respect to the thick
disk counterpart. Both disk distributions are com-

monly described by a double exponential model
[144,145],

radius ¥ =

i z eyl |Zeyl
disk A cy cy
p*ls (rcyl’ZCyl) - H exXp <— _L - T s (BZ)

where H and L are the scale height and the scale
length, respectively, and X, is the surface stellar
density. We fix the parameters as in the best-fitting
model presented in Table 2 of Ref. [138], namely the
surface densities X! = 816.6 Mgpc™? and Xl =
209.5 M, pc~2, together with the scale lengths L' =
2.90 kpcand LT = 3.31 kpc. Similarly to Ref. [138],
we use the bias-corrected values of the scale heights
from Table 10 of Ref. [143], namely H' = 0.3 kpc
and HT = 0.9 kpc. These values are consistent with
other independent analyses [146].
In principle, a halo component dominates the stellar density
in the outskirts of the MW, see for example Ref. [143].
However, using the parametrization in Ref. [143], we find
that the halo component only becomes important for radii
r Z 30 kpc at which point the effect of tidal stripping from
stars is negligible. In addition, we were unable to find a
consistent model that simultaneously fit halo, bulge, and
disk components to the MW stellar population. For these
reasons, we have not included this additional component.

In our work, we then define the total stellar energy density

profile as p, = p"¢ + pdisk_ Figure 15 shows the stellar

distribution used for this paper averaged over the cylin-
drical Galactic height z;, as a function of the galactocen-
tric radius . We show the density of stars in the bulge
Eq. (B1) (red line), in the disk Eq. (B2) (blue line), and the
sum of the two (black line).
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FIG. 15. Stellar density used in the Monte Carlo simulations as
a function of the galactocentric radius r, averaged over the
cylindrical Galactic height. We show the density of stars in the
bulge (red line), in the disk (blue line), and the sum of the two
(black line).

APPENDIX C: OVERDENSITY EXPRESSIONS

We report the expression used in this work for the
distribution of overdensities, which we based on the results
in Ref. [57]:

deMC _ P5A
ds 1+ (5/65)5

(C1)

where S =4.7, A = 1/2.045304, and & = 3.4. We also
set

(€2)

. { exp[~(2)"). x<oa,
4 Bl (6C+x)—n’

B, X > oay,

where x = In (§/8) with 5 = 1.06, and where d = 1.93,
a; =—0.21, n=11.5, 6 = 0.448, and

2\ d/2
B =exp [— (%) ], (C3)
2\ 92 n|ay|
By= (= : C4
= (2)"7e ()
C =B+ |ay|. (C5)

Note that we use a slightly amended functional form
compared to Ref. [57], in order to ensure that the function
is smooth and continuous.

APPENDIX D: AMC DISTRIBUTION FUNCTIONS

Here, we elaborate on the evaluation of the initial AMC
distribution functions for the PL and NFW internal density
profiles. Assuming isotropic and spherically symmetric
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orbits, we begin with the Eddington inversion formula
([92], p. 290):

_ &p
J”(E)—\/gﬂ2 . e gaw

It is cumbersome to recompute the distribution function
for different choices of the AMC mass M e and radius
Ramc, so it will be more useful to work in terms of the
dimensionless energy, potential, and density: ¢ = £/,
w=Y/¥), and ¢ =p/pamc respectively, with ¥, =

dw, (D1)

GM anvc/R AMC.M With these definitions, Eq. (D1) becomes
p .
J(€) = g 3pl (€ ¥0): with
. 1 e 1 d%
€) = d D2
=5 | a0

For the power-law profile, defining x = R/Rmc, We
have

Lx=94 forx <1
X
X)) =
er(x) {O for x > 1
1+4(xY4-1) forx<1
) ={ ] - (o3)
X for x > 1
For the NFW profile,
— L _ forx<1
cX cX 2
onpw (X) :{ (1+ex)
0 for x > 1
14+ —- (ln(lﬂ) In2) forx<1
wEw (X) = { Frww(c) . (D4)
x! for x > 1

where ¢ = 100 is the assumed truncation parameter and
Snew(c) =In(1 +¢) —¢/(1 + ¢). In both cases, we have
implemented a hard truncation of the density profile by
setting ¢o(x > 1) = 0. With these expressions, the density
cannot be written analytically in terms of the potential, so

the integral in f(e) must be evaluated numerically for both
PL and NFW profiles.

Using these forms for the distribution function, we can
estimate the mass loss in a given encounter. We can also
estimate the velocity dispersion (as a function of radius) of
the AMC as:

o*(x) =

ﬂ“’%m Ry (x) - €)]?F(e)de

o(x) (D)

"“Recall here that pamc 1is the characteristic AMC density. In
the case of PL profiles, this is equal to the mean density

pamc = P, while for NFW profiles pamc = pc/(3fnew(€))s
with ¢ ~ 100 [see Eq. (11) and surrounding text].

from which we obtain the mean velocity dispersion of the
AMC, which we evaluate numerically.
The gravitational binding energy is calculated as

Rave GM _(R
Eppg = / MC%xMRZp(R)dR, (D6)
0
with the enclosed mass

M_(R) = / i 4zR’p(R)dR. (D7)

0
Immediately after the stellar interaction, we can calculate
the final density profile p;(R) by assuming that unbound

particles are instantaneously removed to infinity. The
change in density due to the removal of these particles is

min[AE(R
Ap(R) =4n /
0

such that:

\/ 2(P(R) = &)f(E (D8)

= pi(R) — Ap(R), (D9)

pr(R)
for initial density p;. The binding energy of the AMC
immediately after the interaction can then be calculated by
substituting p, into Egs. (D6) and (D7).
Given an AMC density distribution p(r), we have
defined the quantities

4 R
o’ :4”2/ e drrtp(r), (D10)
M smcRimc Jo
47R R
p = Arfie / Y Arrp(r)Mee (), (D11)
amc” Jo

where M spc is the mass of the AMC, R ¢ the truncation
radius, and M,,.(r) the mass enclosed in the distribution
within the radius r. More specifically, for the distributions
we have adopted in this paper, we find

-3
o = { e M o
it (PL).
and
=2¢(1+¢) Frewl(e)
p= { 2(1+¢)* faew(c)? (NFW)’ (D13)
5 (PL),

where the function fypw (c) has been defined after Eq. (11).
For a detailed study of the NFW case, see also Ref. [147].
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APPENDIX E: COMPARING NFW INTERNAL
DENSITY PROFILES

In the main text, we make an identification between then
AMC properties (M apc, 0) and the corresponding internal
NFW profile (p;, r,) by assuming a fixed truncation
parameter ¢ = Rapmc/rs = 100. In this Appendix, we
explore the impact of varying the truncation parameter c.
Specifically, we consider also the case of an NFW profile
with a truncation parameter ¢ = 10, typical of the concen-
tration of isolated AMCs at z = 0 [64]. Figure 16 shows a
comparison of NFW profiles with truncation parameters of
¢ =100and ¢ = 10, fora particular choice of characteristic
density papc = 10° Mg pc=3. Forthe PL and ¢ = 10* NFW
profiles, we assume an AMC mass of M e = 10710 M.
For ¢ = 100, we assume M oy = 0.44 x 10710 M, which
leads to the same central density as the ¢ = 10* model. This
reflects the physical motivation for the ¢ = 100 model: a
diffuse AMC is likely to be tidally stripped by the MW halo
(as described in Appendix A) resulting in a mass loss of
O(50%) and leaving behind a more compact AMC.

We have repeated the procedure described in Appendix D
to determine the distribution function and properties of this
more diffuse ¢ = 10* NFW profile. For the case of ¢ = 10%,
we find a mean squared radius of (R?) = a?R%y;c witha? =
0.061 and a blndlng energy of Ebind = ;BGMAMCZ/RAMC
with # = 74.0. For a given stellar encounter, the injected
energy scales as

AE a*1
X—=,
Eyina PP

where p is the mean density of the AMC. The ratio a?/f is
roughly 200 times smaller for NFW profiles with ¢ = 10*

107 \

10*

(E1)

—— Power-law
NFW (¢ = 100)
—— NFW (c=10000) |

Mane = 10710 1‘\1@
pamc = 10° Mg pe?

Pint(R) [Me pe?]
=

1075 -

1078 1 1
1077 107 1073 1071

R [pc]

FIG. 16. Examples of AMC density profiles. The NFW profile
with truncation parameter ¢ = Ryc/ry = 100 assumed in the
main text can be compared with the more diffuse profile with
¢ = 10* which we also consider here. In the case of ¢ = 100, we
assume a total mass of Maye = 0.44 x 10710 M, to give the
same central density as the ¢ = 10* profile.

than those with ¢ = 100. However, the mean density for ¢ =
10* is ~10° times smaller than for ¢ = 100, meaning that a
given stellar encounter injects a much larger amount of
energy (as a fraction of Ey;,4) into an AMC with ¢ = 10*. We
might therefore expect that miniclusters with larger values of
¢ will be more easily disrupted in the Milky Way.

Following the discussion in Sec. III, we can then
determine the response of ¢ = 10* miniclusters to pertur-
bations. In Fig. 17 we show the fraction of mass lost from
the minicluster (solid lines), the fraction of injected energy
carried away by ejected particles (dashed lines), and the
fraction of the initial minicluster energy stored in particles
which will eventually become unbound (dotted lines). At
small values of AE/E,;,q, we find that a larger fraction of
mass is lost from AMCs with ¢ = 10* compared to
¢ = 100; this is because in the former case particles in
the diffuse outskirts of the minicluster can be more easily
unbound. However, we also find that the fraction of energy
carried away by unbound particles f; is always larger for
¢ = 10*. As a result, we expect that the “remnant” AMC
left behind after the stellar interaction will typically be
more dense than before the interaction. Similar behavior
was described in the main text for ¢ = 100 NFW profiles,
though the effect should be even more pronounced here for
¢ = 10* profiles.

In order to explore the behavior of the AMCs under
repeated perturbations, we consider a toy setup. We
generate two sets of 10° AMCs with NFW internal density
profiles, one set with (¢ = 10%, M; = 1071 M) and the
other with (¢ = 100, M; = 0.44 x 107'° M,). In all cases,
we fix the initial overdensity parameter to be 6 = 1.55

o T
10 //////,,,————’—*“”““‘—"fﬁf
1072F _
— AM/M
I S A A A R fcj
10-4 . _
......... Ellmbound/Ei
NFW (¢ = 100)
NFW (¢ = 10000)
1 —6

A 1 YA 1 1 1 1 1
107* 1072 1072 107 10 108 102 103
AE‘/E‘bind

107°

FIG. 17. Response of NFW miniclusters with different trunca-
tion parameters ¢ to stellar perturbations, as a function of the
injected energy AE. We plot the fractional mass loss (solid lines),
the fraction of injected energy carried away by ejected particles
(dashed lines) and the fraction of the initial AMC energy in
particles which will eventually be unbound (dotted lines). See
Sec. III B for more details.
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10! l : ‘ 10! : : ‘ 10— : :
NFW (¢ = 100) 3 E 3 F 3
—— NFW (¢ = 10000) | 1 | 3 |
10° L 10% L 10% | 1
/; rac = 8kpe ' 3 @ ! £ }
[T A 0000 — 1.0 x 102 ' Q, ! Iy £ }
x | x 1 SO
g 1072 L3 glo b3 107 1
= o1 i a
1073 I T (U I T (U E
1074 _ L ! H 1074 ! - L H 1074' . H L ! L i
10°1 1071 101 1079 1077 1075 1073 107! 1076 1073 100 10 10°
Manc [Mo) Rawie [p] p [Mgpe3)
FIG. 18. Comparison of final AMC properties for NFW profiles with different truncation parameters c. We assume an initial mass of

M;=10""" My (M; =044x 1071 M) for the ¢=10* (c=100) profile and an initial characteristic density of
pamc = 106 Mg pc=3. We show the final probability distributions of the mass M yc, radius Ryc, and mean density p (with the
initial values shown as vertical dashed lines). In this toy sample, we assume AMCs on circular orbits at a galactocentric radius of 8 kpc.
We list the fraction pg,,, of AMCs which both survive and pass the AS cut (extrapolating to the full mass function), though we have not

applied an AS cut to the final distributions.

(pamc = 10% Mgpc). We then apply the Monte Carlo
procedure described in Sec. IV to evolve the AMCs to
today, assuming circular orbits at a galactocentric radius of
rgc = 8 kpc. In this case, we do not include the correction
due to tidal stripping from the MW halo, as described in
Appendix A.

In Fig. 18, we show the final distributions of AMC
masses M ayic, radii Ryyc and mean internal density p.
Dashed vertical lines mark the initial values of each
property at the start of the simulations. We find that the
typical final mass of the ¢ = 10* miniclusters is smaller
than for ¢ = 100 by a factor O(3), as more mass is stripped
away from these more diffuse objects. However, we find
that the final radius and final mean density of the AMCs is
similar in the two cases. This is particularly striking in the
case of p, for which the ¢ = 10* AMCs begin the
simulations with a mean density which is a factor of
~10° smaller. As described above, the stellar interactions
which may efficiently strip mass from the outskirts of the
¢ = 10* miniclusters do not inject large amounts of energy

into the remnant. These interactions therefore substantially
increase the mean AMC density. It therefore appears that
NFWs with different concentrations are likely to be
stripped to leave behind remnants of similar densities.

Finally, extrapolating these results to the full AMC mass
function in Eq. (4) (but still keeping a single fixed initial
density), we can calculate the fraction of AMCs which
would survive and also pass the axion star (AS) cut. We
find very similar survival probabilities for the two concen-
trations, p&rl® =97x 103 and p&El® =1.0x 1072
(where we have not factorized out the fraction of AMCs
which initially pass the AS cut). We therefore conclude that
the initial choice of the truncation parameter for the NFW
density profile does not strongly influence the survival
probability or the final properties of the perturbed mini-
clusters, save for a correction factor of O(3) to the final AMC
mass. This difference is at least partially compensated for in
the main analysis by the initial mass loss of 5% 40% which
we apply to NFW profiles, coming from tidal stripping due to
the host halo of the MW (Appendix A).

[1] R.D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440
(1977).

[2] R.D. Peccei and H.R. Quinn, Phys. Rev. D 16, 1791
(1977).

[3] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).

[4] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).

[5] L. F. Abbott and P. Sikivie, Phys. Lett. 120B, 133 (1983).

[6] M. Dine and W. Fischler, Phys. Lett. 120B, 137 (1983).

[7] J. Preskill, M. B. Wise, and F. Wilczek, Phys. Lett. 120B,
127 (1983).

[8] A. Arvanitaki, S. Dimopoulos, S. Dubovsky, N. Kaloper,
and J. March-Russell, Phys. Rev. D 81, 123530 (2010).
[9] P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983); 52, 695(E)
(1984).
[10] P. Sikivie, Phys. Rev. D 32, 2988 (1985); 36, 974(E)
(1987).
[11] F. Wilczek, Phys. Rev. Lett. 58, 1799 (1987).
[12] S. V. Krasnikov, Phys. Rev. Lett. 76, 2633 (1996).
[13] R. Li, J. Wang, X. Qi, and S.-C. Zhang, Nat. Phys. 6, 284
(2010).

063038-26


https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1103/PhysRevD.81.123530
https://doi.org/10.1103/PhysRevLett.51.1415
https://doi.org/10.1103/PhysRevLett.52.695.2
https://doi.org/10.1103/PhysRevLett.52.695.2
https://doi.org/10.1103/PhysRevD.32.2988
https://doi.org/10.1103/PhysRevD.36.974
https://doi.org/10.1103/PhysRevD.36.974
https://doi.org/10.1103/PhysRevLett.58.1799
https://doi.org/10.1103/PhysRevLett.76.2633
https://doi.org/10.1038/nphys1534
https://doi.org/10.1038/nphys1534

STELLAR DISRUPTION OF AXION MINICLUSTERS IN THE ...

PHYS. REV. D 104, 063038 (2021)

[14] L. Visinelli, Mod. Phys. Lett. A 28, 1350162 (2013).

[15] H. Tergas, J. D. Rodrigues, and J. T. Mendonga, Phys. Rev.
Lett. 120, 181803 (2018).

[16] L. Visinelli and H. Tergas, arXiv:1807.06828.

[17] C. Hagmann et al. (ADMX Collaboration), Phys. Rev.
Lett. 80, 2043 (1998).

[18] S.J. Asztalos et al. (ADMX Collaboration), Phys. Rev. D
64, 092003 (2001).

[19] S.J. Asztalos et al. (ADMX Collaboration), Phys. Rev. D
69, 011101 (2004).

[20] P.W. Graham, I.G. Irastorza, S.K. Lamoreaux, A.
Lindner, and K. A. van Bibber, Annu. Rev. Nucl. Part.
Sci. 65, 485 (2015).

[21] T. Braine et al. (ADMX Collaboration), Phys. Rev. Lett.
124, 101303 (2020).

[22] S. Al Kenany et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 854, 11 (2017).

[23] B. M. Brubaker et al., Phys. Rev. Lett. 118, 061302
(2017).

[24] A. Caldwell, G. Dvali, B. Majorovits, A. Millar, G. Raffelt,
J. Redondo, O. Reimann, F. Simon, and F. Steffen
(MADMAX Working Group), Phys. Rev. Lett. 118,
091801 (2017).

[25] B. Majorovits and J. Redondo (MADMAX Working
Group), in 12th Patras Workshop on Axions, WIMPs
and WISPs (2016) [arXiv:1611.04549].

[26] D. Alesini, D. Babusci, D. Di Gioacchino, C. Gatti, G.
Lamanna, and C. Ligi, arXiv:1707.06010.

[27] D. Alesini et al., arXiv:1911.02427.

[28] Y. Kahn, B. R. Safdi, and J. Thaler, Phys. Rev. Lett. 117,
141801 (2016).

[29] J. L. Ouellet et al., Phys. Rev. Lett. 122, 121802 (2019).

[30] D. Budker, P. W. Graham, M. Ledbetter, S. Rajendran, and
A. Sushkov, Phys. Rev. X 4, 021030 (2014).

[31] R. Barbieri, C. Braggio, G. Carugno, C.S. Gallo, A.
Lombardi, A. Ortolan, R. Pengo, G. Ruoso, and C.C.
Speake, Phys. Dark Universe 15, 135 (2017).

[32] S. Lee, S. Ahn, J. Choi, B.R. Ko, and Y. K. Semertzidis,
Phys. Rev. Lett. 124, 101802 (2020).

[33] M. Kawasaki and K. Nakayama, Annu. Rev. Nucl. Part.
Sci. 63, 69 (2013).

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

[35] L. Di Luzio, M. Giannotti, E. Nardi, and L. Visinelli, Phys.
Rep. 870, 1 (2020).

[36] I. G. Irastorza and J. Redondo, Prog. Part. Nucl. Phys. 102,
89 (2018).

[37] P. Sikivie, Rev. Mod. Phys. 93, 015004 (2021).

[38] M. S. Pshirkov and S. B. Popov, J. Exp. Theor. Phys. 108,
384 (2009).

[39] F.P. Huang, K. Kadota, T. Sekiguchi, and H. Tashiro,
Phys. Rev. D 97, 123001 (2018).

[40] A.Hook, Y. Kahn, B. R. Safdi, and Z. Sun, Phys. Rev. Lett.
121, 241102 (2018).

[41] B.R. Safdi, Z. Sun, and A.Y. Chen, Phys. Rev. D 99,
123021 (2019).

[42] M. Leroy, M. Chianese, T. D. P. Edwards, and C. Weniger,
Phys. Rev. D 101, 123003 (2020).

[43] T.D.P. Edwards, M. Chianese, B.J. Kavanagh, S.M.
Nissanke, and C. Weniger, Phys. Rev. Lett. 124, 161101
(2020).

[44] C.G. Callan, Jr., R. F. Dashen, and D. J. Gross, Phys. Rev.
D 17, 2717 (1978).

[45] D.J. Gross, R.D. Pisarski, and L. G. Yaffe, Rev. Mod.
Phys. 53, 43 (1981).

[46] K. Strobl and T.J. Weiler, Phys. Rev. D 50, 7690 (1994).

[47] K.]J. Bae, J.-H. Huh, and J. E. Kim, J. Cosmol. Astropart.
Phys. 09 (2008) 005.

[48] M. P. Hertzberg, M. Tegmark, and F. Wilczek, Phys. Rev.
D 78, 083507 (2008).

[49] L. Visinelli and P. Gondolo, Phys. Rev. D 81, 063508
(2010).

[50] L. Visinelli and P. Gondolo, Phys. Rev. Lett. 113, 011802
(2014).

[51] C.J. Hogan and M. J. Rees, Phys. Lett. B 205, 228 (1988).

[52] E.W. Kolb and I.I. Tkachev, Phys. Rev. D 49, 5040
(1994).

[53] E. W. Kolb and I.1. Tkachev, Phys. Rev. Lett. 71, 3051
(1993).

[54] A. Vaquero, J. Redondo, and J. Stadler, J. Cosmol.
Astropart. Phys. 04 (2019) 012.

[55] K. M. Zurek, C.J. Hogan, and T. R. Quinn, Phys. Rev. D
75, 043511 (2007).

[56] H. Fukunaga, N. Kitajima, and Y. Urakawa, J. Cosmol.
Astropart. Phys. 02 (2021) 015.

[57] M. Buschmann, J. W. Foster, and B. R. Safdi, Phys. Rev.
Lett. 124, 161103 (2020).

[58] P. Sikivie, Lect. Notes Phys. 741, 19 (2008).

[59] T.D.P. Edwards, B.J. Kavanagh, L. Visinelli, and C.
Weniger, companion Letter, Phys. Rev. Lett. 127, 131103
(2021).

[60] E.W. Kolb and I.I. Tkachev, Astrophys. J. 460, L25
(1996).

[61] A. Katz, J. Kopp, S. Sibiryakov, and W. Xue, J. Cosmol.
Astropart. Phys. 12 (2018) 005.

[62] M. Fairbairn, D.J. E. Marsh, and J. Quevillon, Phys. Rev.
Lett. 119, 021101 (2017).

[63] M. Fairbairn, D. J. E. Marsh, J. Quevillon, and S. Rozier,
Phys. Rev. D 97, 083502 (2018).

[64] D. Ellis, D. J. E. Marsh, and C. Behrens, Phys. Rev. D 103,
083525 (2021).

[65] L. Dai and J. Miralda-Escudé, Astron. J. 159, 49 (2020).

[66] V.I. Dokuchaev, Y.N. Eroshenko, and I.I. Tkachev, J.
Exp. Theor. Phys. 125, 434 (2017).

[67] V.S. Berezinsky, V. 1. Dokuchaev, and Y. N. Eroshenko, J.
Cosmol. Astropart. Phys. 11 (2013) 059.

[68] P. Tinyakov, I. Tkachev, and K. Zioutas, J. Cosmol.
Astropart. Phys. 01 (2016) 035.

[69] L. Visinelli, S. Baum, J. Redondo, K. Freese, and F.
Wilczek, Phys. Lett. B 777, 64 (2018).

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

[71] B. Eggemeier and J.C. Niemeyer, Phys. Rev. D 100,
063528 (2019).

[72] J. Chen, X. Du, E. W. Lentz, D.J. E. Marsh, and J.C.
Niemeyer, arXiv:2011.01333.

[73] J.E. Kim, Phys. Rev. Lett. 43, 103 (1979).

[74] M. A. Shifman, A. I. Vainshtein, and V. I. Zakharov, Nucl.
Phys. B166, 493 (1980).

[75] V.B. Klaer and G. D. Moore, J. Cosmol. Astropart. Phys.
10 (2017) 043.

063038-27


https://doi.org/10.1142/S0217732313501629
https://doi.org/10.1103/PhysRevLett.120.181803
https://doi.org/10.1103/PhysRevLett.120.181803
https://arXiv.org/abs/1807.06828
https://doi.org/10.1103/PhysRevLett.80.2043
https://doi.org/10.1103/PhysRevLett.80.2043
https://doi.org/10.1103/PhysRevD.64.092003
https://doi.org/10.1103/PhysRevD.64.092003
https://doi.org/10.1103/PhysRevD.69.011101
https://doi.org/10.1103/PhysRevD.69.011101
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1103/PhysRevLett.124.101303
https://doi.org/10.1103/PhysRevLett.124.101303
https://doi.org/10.1016/j.nima.2017.02.012
https://doi.org/10.1016/j.nima.2017.02.012
https://doi.org/10.1103/PhysRevLett.118.061302
https://doi.org/10.1103/PhysRevLett.118.061302
https://doi.org/10.1103/PhysRevLett.118.091801
https://doi.org/10.1103/PhysRevLett.118.091801
https://arXiv.org/abs/1611.04549
https://arXiv.org/abs/1707.06010
https://arXiv.org/abs/1911.02427
https://doi.org/10.1103/PhysRevLett.117.141801
https://doi.org/10.1103/PhysRevLett.117.141801
https://doi.org/10.1103/PhysRevLett.122.121802
https://doi.org/10.1103/PhysRevX.4.021030
https://doi.org/10.1016/j.dark.2017.01.003
https://doi.org/10.1103/PhysRevLett.124.101802
https://doi.org/10.1146/annurev-nucl-102212-170536
https://doi.org/10.1146/annurev-nucl-102212-170536
https://doi.org/10.1016/j.physrep.2016.06.005
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1016/j.physrep.2020.06.002
https://doi.org/10.1016/j.ppnp.2018.05.003
https://doi.org/10.1016/j.ppnp.2018.05.003
https://doi.org/10.1103/RevModPhys.93.015004
https://doi.org/10.1134/S1063776109030030
https://doi.org/10.1134/S1063776109030030
https://doi.org/10.1103/PhysRevD.97.123001
https://doi.org/10.1103/PhysRevLett.121.241102
https://doi.org/10.1103/PhysRevLett.121.241102
https://doi.org/10.1103/PhysRevD.99.123021
https://doi.org/10.1103/PhysRevD.99.123021
https://doi.org/10.1103/PhysRevD.101.123003
https://doi.org/10.1103/PhysRevLett.124.161101
https://doi.org/10.1103/PhysRevLett.124.161101
https://doi.org/10.1103/PhysRevD.17.2717
https://doi.org/10.1103/PhysRevD.17.2717
https://doi.org/10.1103/RevModPhys.53.43
https://doi.org/10.1103/RevModPhys.53.43
https://doi.org/10.1103/PhysRevD.50.7690
https://doi.org/10.1088/1475-7516/2008/09/005
https://doi.org/10.1088/1475-7516/2008/09/005
https://doi.org/10.1103/PhysRevD.78.083507
https://doi.org/10.1103/PhysRevD.78.083507
https://doi.org/10.1103/PhysRevD.81.063508
https://doi.org/10.1103/PhysRevD.81.063508
https://doi.org/10.1103/PhysRevLett.113.011802
https://doi.org/10.1103/PhysRevLett.113.011802
https://doi.org/10.1016/0370-2693(88)91655-3
https://doi.org/10.1103/PhysRevD.49.5040
https://doi.org/10.1103/PhysRevD.49.5040
https://doi.org/10.1103/PhysRevLett.71.3051
https://doi.org/10.1103/PhysRevLett.71.3051
https://doi.org/10.1088/1475-7516/2019/04/012
https://doi.org/10.1088/1475-7516/2019/04/012
https://doi.org/10.1103/PhysRevD.75.043511
https://doi.org/10.1103/PhysRevD.75.043511
https://doi.org/10.1088/1475-7516/2021/02/015
https://doi.org/10.1088/1475-7516/2021/02/015
https://doi.org/10.1103/PhysRevLett.124.161103
https://doi.org/10.1103/PhysRevLett.124.161103
https://doi.org/10.1007/978-3-540-73518-2
https://doi.org/10.1103/PhysRevLett.127.131103
https://doi.org/10.1103/PhysRevLett.127.131103
https://doi.org/10.1086/309962
https://doi.org/10.1086/309962
https://doi.org/10.1088/1475-7516/2018/12/005
https://doi.org/10.1088/1475-7516/2018/12/005
https://doi.org/10.1103/PhysRevLett.119.021101
https://doi.org/10.1103/PhysRevLett.119.021101
https://doi.org/10.1103/PhysRevD.97.083502
https://doi.org/10.1103/PhysRevD.103.083525
https://doi.org/10.1103/PhysRevD.103.083525
https://doi.org/10.3847/1538-3881/ab5e83
https://doi.org/10.1134/S1063776117080039
https://doi.org/10.1134/S1063776117080039
https://doi.org/10.1088/1475-7516/2013/11/059
https://doi.org/10.1088/1475-7516/2013/11/059
https://doi.org/10.1088/1475-7516/2016/01/035
https://doi.org/10.1088/1475-7516/2016/01/035
https://doi.org/10.1016/j.physletb.2017.12.010
https://doi.org/10.1103/PhysRevLett.121.151301
https://doi.org/10.1103/PhysRevLett.121.151301
https://doi.org/10.1103/PhysRevD.100.063528
https://doi.org/10.1103/PhysRevD.100.063528
https://arXiv.org/abs/2011.01333
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1088/1475-7516/2017/10/043
https://doi.org/10.1088/1475-7516/2017/10/043

KAVANAGH, EDWARDS, VISINELLI, and WENIGER

PHYS. REV. D 104, 063038 (2021)

[76] M. Gorghetto, E. Hardy, and G. Villadoro, SciPost Phys.
10, 050 (2021).

[77] E.W. Kolb and I.I. Tkachev, Phys. Rev. D 50, 769
(1994).

[78] B. Eggemeier, J. Redondo, K. Dolag, J. C. Niemeyer, and
A. Vaquero, Phys. Rev. Lett. 125, 041301 (2020).

[79] H. Xiao, I. Williams, and M. McQuinn, Phys. Rev. D 104,
023515 (2021).

[80] L. Visinelli and J. Redondo, Phys. Rev. D 101, 023008

(2020).

[81] W.H. Press and P. Schechter, Astrophys. J. 187, 425
(1974).

[82] J.C. Niemeyer, Prog. Part. Nucl. Phys. 113, 103787
(2020).

[83] J. Wang and S. D. M. White, Mon. Not. R. Astron. Soc.
380, 93 (2007).
[84] J. F. Navarro, C. S. Frenk, and S. D. M. White, Astrophys.
J. 490, 493 (1997).
[85] F. Nesti and P. Salucci, J. Cosmol. Astropart. Phys. 07
(2013) 016.
[86] C. A.J. O’Hare and A. M. Green, Phys. Rev. D 95, 063017
(2017).
[87] E. Bertschinger, Astrophys. J. Suppl. 58, 39 (1985).
[88] E. Seidel and W.-M. Suen, Phys. Rev. Lett. 72, 2516
(1994).
[89] H.-Y. Schive, M.-H. Liao, T.-P. Woo, S.-K. Wong, T.
Chiueh, T. Broadhurst, and W. Y. P. Hwang, Phys. Rev.
Lett. 113, 261302 (2014).
[90] H.-S. Zhao, J. Taylor, J. Silk, and D. Hooper, arXiv:astro-
ph/0502049.
[91] S. Knirck, A.J. Millar, C. A.J. O’Hare, J. Redondo, and
F. D. Steffen, J. Cosmol. Astropart. Phys. 11 (2018) 051.
[92] J. Binney and S. Tremaine, in Galactic Dynamics: Second
Edition, edited by J. Binney and S. Tremaine, ISBN 978-0-
691-13026-2 (HB) (Princeton University Press, Princeton,
NJ, USA, 2008).
[93] L.J. Spitzer, Astrophys. J. 127, 17 (1958).
[94] A. M. Green and S. P. Goodwin, Mon. Not. R. Astron. Soc.
375, 1111 (2007).
[95] A. Schneider, L. Krauss, and B. Moore, Phys. Rev. D 82,
063525 (2010).
[96] M. P. Hertzberg, E. D. Schiappacasse, and T. T. Yanagida,
Phys. Lett. B 807, 135566 (2020).
[97] M. S. Delos, Phys. Rev. D 100, 083529 (2019).
[98] P. Gondolo and J. Silk, Phys. Rev. Lett. 83, 1719
(1999).
[99] M. Gieles, S. F. P. Zwart, H. Baumgardt, E. Athanassoula,
H.J. G.L. M. Lamers, M. Sipior, and J. Leenaarts, Mon.
Not. R. Astron. Soc. 371, 793 (2006).
[100] L. A. Martinez-Medina, M. Gieles, O. Y. Gnedin, and H.
Li, arXiv:2009.06643.
[101] M. Gieles and F. Renaud, Mon. Not. R. Astron. Soc. 463,
L103 (2016).
[102] F. C. van den Bosch, G. F. Lewis, G. Lake, and J. Stadel,
Astrophys. J. 515, 50 (1999).
[103] T. Logsdon, Orbital Mechanics: Theory and Applications,
A Wiley Interscience Publication (Wiley, New York, 1997).
[104] F. C. van den Bosch, G. Ogiya, O. Hahn, and A. Burkert,
Mon. Not. R. Astron. Soc. 474, 3043 (2018).
[105] E.E. Salpeter, Astrophys. J. 121, 161 (1955).

[106] M. Camenzind, Compact Objects in Astrophysics: White
Dwarfs, Neutron Stars, and Black Holes (Springer-Verlag,
Berlin Heidelberg, 2007).

[107] R. Diehl et al., Nature (London) 439, 45 (2006).

[108] S. M. Faber et al., Astrophys. J. 665, 265 (2007).

[109] P. Madau and M. Dickinson, Annu. Rev. Astron. As-
trophys. 52, 415 (2014).

[110] B. Paczynski, Astrophys. J. 304, 1 (1986).

[111] P. Tisserand et al. (EROS-2 Collaboration), Astron. As-
trophys. 469, 387 (2007).

[112] C. Alcock et al. (MACHO Collaboration), Astrophys. J.
542, 281 (2000).

[113] A. Udalski, M. K. Szymanski, and G. Szymanski, Acta
Astron. 65, 1 (2015), https://ui.adsabs.harvard.edu/abs/
2015AcA....65....1U/abstract.

[114] H. Niikura, M. Takada, S. Yokoyama, T. Sumi, and S.
Masaki, Phys. Rev. D 99, 083503 (2019).

[115] D. Croon, D. McKeen, and N. Raj, Phys. Rev. D 101,
083013 (2020).

[116] H. Niikura et al., Nat. Astron. 3, 524 (2019).

[117] D. Croon, D. McKeen, N. Raj, and Z. Wang, Phys. Rev. D
102, 083021 (2020).

[118] G. Pietrzynski et al., Nature (London) 495, 76 (2013).

[119] W. Dehnen, D. McLaughlin, and J. Sachania, Mon. Not. R.
Astron. Soc. 369, 1688 (2006).

[120] M. R. Buckley, E. Charles, J. M. Gaskins, A. M. Brooks,
A. Drlica-Wagner, P. Martin, and G. Zhao, Phys. Rev. D
91, 102001 (2015).

[121] A. Klypin, H. Zhao, and R. S. Somerville, Astrophys. J.
573, 597 (2002).

[122] S. Gillessen, F. Eisenhauer, S. Trippe, T. Alexander, R.
Genzel, F. Martins, and T. Ott, Astrophys. J. 692, 1075
(2009).

[123] K. Kelley and P. J. Quinn, Astrophys. J. Lett. 845, L4 (2017).

[124] G. Sigl, Phys. Rev. D 96, 103014 (2017).

[125] A. Caputo, C. P. n. Garay, and S. J. Witte, Phys. Rev. D 98,
083024 (2018); 99, 089901(E) (2019).

[126] A. Caputo, M. Regis, M. Taoso, and S. J. Witte, J. Cosmol.
Astropart. Phys. 03 (2019) 027.

[127] M. Samland and O. Gerhard, Astron. Astrophys. 399, 961
(2003).

[128] B.J. Kavanagh, T. D. P. Edwards, and L. Visinelli, axion-
miniclusters [computer software],” github.com/bradkav/
axion-miniclusters, archived at DOI: (2020).

[129] T.E. Oliphant, Guide to NumPy, 2nd (CreateSpace
Independent  Publishing  Platform, USA, 2015),
ISBN 151730007X, https://doi.org/10.5555/2886196.

[130] C.R. Harris et al., Nature (London) 585, 357 (2020).

[131] P. Virtanen et al., Nat. Methods 17, 261 (2020).

[132] J. D. Hunter, Comput. Sci. Eng. 9, 90 (2007).

[133] F. C. van den Bosch, G. Tormen, and C. Giocoli, Mon. Not.
R. Astron. Soc. 359, 1029 (2005).

[134] F. Jiang and F. C. van den Bosch, Mon. Not. R. Astron.
Soc. 458, 2848 (2016).

[135] N. Hiroshima, S. Ando, and T. Ishiyama, Phys. Rev. D 97,
123002 (2018).

[136] J. Binney, O. Gerhard, and D. Spergel, Mon. Not. R.
Astron. Soc. 288, 365 (1997).

[137] N. Bissantz and O. Gerhard, Mon. Not. R. Astron. Soc.
330, 591 (2002).

063038-28


https://doi.org/10.21468/SciPostPhys.10.2.050
https://doi.org/10.21468/SciPostPhys.10.2.050
https://doi.org/10.1103/PhysRevD.50.769
https://doi.org/10.1103/PhysRevD.50.769
https://doi.org/10.1103/PhysRevLett.125.041301
https://doi.org/10.1103/PhysRevD.104.023515
https://doi.org/10.1103/PhysRevD.104.023515
https://doi.org/10.1103/PhysRevD.101.023008
https://doi.org/10.1103/PhysRevD.101.023008
https://doi.org/10.1086/152650
https://doi.org/10.1086/152650
https://doi.org/10.1016/j.ppnp.2020.103787
https://doi.org/10.1016/j.ppnp.2020.103787
https://doi.org/10.1111/j.1365-2966.2007.12053.x
https://doi.org/10.1111/j.1365-2966.2007.12053.x
https://doi.org/10.1086/304888
https://doi.org/10.1086/304888
https://doi.org/10.1088/1475-7516/2013/07/016
https://doi.org/10.1088/1475-7516/2013/07/016
https://doi.org/10.1103/PhysRevD.95.063017
https://doi.org/10.1103/PhysRevD.95.063017
https://doi.org/10.1086/191028
https://doi.org/10.1103/PhysRevLett.72.2516
https://doi.org/10.1103/PhysRevLett.72.2516
https://doi.org/10.1103/PhysRevLett.113.261302
https://doi.org/10.1103/PhysRevLett.113.261302
https://arXiv.org/abs/astro-ph/0502049
https://arXiv.org/abs/astro-ph/0502049
https://doi.org/10.1088/1475-7516/2018/11/051
https://doi.org/10.1086/146435
https://doi.org/10.1111/j.1365-2966.2007.11397.x
https://doi.org/10.1111/j.1365-2966.2007.11397.x
https://doi.org/10.1103/PhysRevD.82.063525
https://doi.org/10.1103/PhysRevD.82.063525
https://doi.org/10.1016/j.physletb.2020.135566
https://doi.org/10.1103/PhysRevD.100.083529
https://doi.org/10.1103/PhysRevLett.83.1719
https://doi.org/10.1103/PhysRevLett.83.1719
https://doi.org/10.1111/j.1365-2966.2006.10711.x
https://doi.org/10.1111/j.1365-2966.2006.10711.x
https://arXiv.org/abs/2009.06643
https://doi.org/10.1093/mnrasl/slw163
https://doi.org/10.1093/mnrasl/slw163
https://doi.org/10.1086/307023
https://doi.org/10.1093/mnras/stx2956
https://doi.org/10.1086/145971
https://doi.org/10.1038/nature04364
https://doi.org/10.1086/519294
https://doi.org/10.1146/annurev-astro-081811-125615
https://doi.org/10.1146/annurev-astro-081811-125615
https://doi.org/10.1086/164140
https://doi.org/10.1051/0004-6361:20066017
https://doi.org/10.1051/0004-6361:20066017
https://doi.org/10.1086/309512
https://doi.org/10.1086/309512
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://ui.adsabs.harvard.edu/abs/2015AcA....65....1U/abstract
https://doi.org/10.1103/PhysRevD.99.083503
https://doi.org/10.1103/PhysRevD.101.083013
https://doi.org/10.1103/PhysRevD.101.083013
https://doi.org/10.1038/s41550-019-0723-1
https://doi.org/10.1103/PhysRevD.102.083021
https://doi.org/10.1103/PhysRevD.102.083021
https://doi.org/10.1038/nature11878
https://doi.org/10.1111/j.1365-2966.2006.10404.x
https://doi.org/10.1111/j.1365-2966.2006.10404.x
https://doi.org/10.1103/PhysRevD.91.102001
https://doi.org/10.1103/PhysRevD.91.102001
https://doi.org/10.1086/340656
https://doi.org/10.1086/340656
https://doi.org/10.1088/0004-637X/692/2/1075
https://doi.org/10.1088/0004-637X/692/2/1075
https://doi.org/10.3847/2041-8213/aa808d
https://doi.org/10.1103/PhysRevD.96.103014
https://doi.org/10.1103/PhysRevD.98.083024
https://doi.org/10.1103/PhysRevD.98.083024
https://doi.org/10.1103/PhysRevD.99.089901
https://doi.org/10.1088/1475-7516/2019/03/027
https://doi.org/10.1088/1475-7516/2019/03/027
https://doi.org/10.1051/0004-6361:20021842
https://doi.org/10.1051/0004-6361:20021842
https://github.com/bradkav/axion-miniclusters
https://github.com/bradkav/axion-miniclusters
https://github.com/bradkav/axion-miniclusters
https://doi.org/10.5555/2886196
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1111/j.1365-2966.2005.08964.x
https://doi.org/10.1111/j.1365-2966.2005.08964.x
https://doi.org/10.1093/mnras/stw439
https://doi.org/10.1093/mnras/stw439
https://doi.org/10.1103/PhysRevD.97.123002
https://doi.org/10.1103/PhysRevD.97.123002
https://doi.org/10.1093/mnras/288.2.365
https://doi.org/10.1093/mnras/288.2.365
https://doi.org/10.1046/j.1365-8711.2002.05116.x
https://doi.org/10.1046/j.1365-8711.2002.05116.x

STELLAR DISRUPTION OF AXION MINICLUSTERS IN THE ... PHYS. REV. D 104, 063038 (2021)

[138] P.J. McMillan, Mon. Not. R. Astron. Soc. 414, 2446 [143] M. Juric et al. (SDSS Collaboration), Astrophys. J. 673,

(2011). 864 (2008).

[139] E. Vanhollebeke, M. A. T. Groenewegen, and L. Girardi, [144] J.N. Bahcall and R. M. Soneira, Astrophys. J. Suppl. Ser.
Astron. Astrophys. 498, 95 (2009). 44, 73 (1980).

[140] M. Lopez-Corredoira, A. Cabrera-Lavers, and O.E. [145] W. Dehnen and J. Binney, Mon. Not. R. Astron. Soc. 294,
Gerhard, Astron. Astrophys. 439, 107 (2005). 429 (1998).

[141] A.C. Robin, D.J. Marshall, M. Schultheis, and C. Reyle, [146] M.H. Siegel, S.R. Majewski, I.N. Reid, and I.B.
Astron. Astrophys. 538, A106 (2012). Thompson, Astrophys. J. 578, 151 (2002).

[142] T. Bensby, S. Feltzing, I. Lundstrom, and I. Ilyin, Astron. [147] H.J. Mo, S. Mao, and S.D.M. White, Mon. Not. R.
Astrophys. 433, 185 (2005). Astron. Soc. 295, 319 (1998).

063038-29


https://doi.org/10.1111/j.1365-2966.2011.18564.x
https://doi.org/10.1111/j.1365-2966.2011.18564.x
https://doi.org/10.1051/0004-6361/20078472
https://doi.org/10.1051/0004-6361:20053075
https://doi.org/10.1051/0004-6361/201116512
https://doi.org/10.1051/0004-6361:20040332
https://doi.org/10.1051/0004-6361:20040332
https://doi.org/10.1086/523619
https://doi.org/10.1086/523619
https://doi.org/10.1086/190685
https://doi.org/10.1086/190685
https://doi.org/10.1111/j.1365-8711.1998.01282.x
https://doi.org/10.1111/j.1365-8711.1998.01282.x
https://doi.org/10.1086/342469
https://doi.org/10.1046/j.1365-8711.1998.01227.x
https://doi.org/10.1046/j.1365-8711.1998.01227.x

