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TABLE I. Axion star masses, together with comoving r ! , and corresponding halo masses for the three miniclusters at di! erent
redshifts. The two axion stars in the second minicluster MC2-AS1 and MC2-AS2 merged giving MC2-AS3. Shown also are the
saturation mass from Eq. (10), the condensation times obtained from the mass growth of the axion stars (cf. Fig. 5 and Eq. (7))
and the dimensionless parameter from Eq. (8), where b and bvir are determined using the measured mean velocity and the virial
velocity of the host minicluster, respectively.

z M ! [10" 12 M # ] r ! [10" 3 pc] M h [10" 11 M # ] M ! ,sat [10" 12 M # ] ! [107 yr] b(bvir )

MC1-AS1 1277 5.04 1.36 5.98 5.96 9.64 0.11 (0.61)
MC2-AS1 642 3.17 1.10 16.6 ! ! !
MC2-AS2 604 2.65 1.24 5.53 ! ! !
MC2-AS3 534 3.83 0.76 17.7 4.51 15.1 0.11 (0.69)
MC3-AS1 899 3.91 1.74 5.29 4.74 4.54 0.10 (0.96)

throughout the simulation we chose an axion mass of
m = 10! 8 eV and a box side length ofL = 0 .356 pc/h.

Furthermore, when a minicluster begins to form the
density Þeld is interpolated onto a 10243 grid using the
conservative second-order interpolation algorithm taken
from [31].

We note that our choice for m is lower by approxi-
mately three orders of magnitude than the current best
Þt to the dark matter abundance. Its role in our sim-
ulations is on the one hand to set the physical scales
for the box size (which depends only weakly onm, cf.
Eq. (1)) and the axion star radius r " ! m! 2. On the
other hand, the axion mass a! ects both the condensa-
tion time ! ! m3 and the mass increase of the axion star
(cf. Eqs. (7) and (8)). Thus, the mass growth is less
noticeable for higher axion masses. As we are primar-
ily concerned with the formation and early evolution of
individual axion stars, leaving questions about the statis-
tical distribution of their masses and densities for future
work, we can justify our choice with the scaling symmetry
of Eq. (3) and the assumption that the structure of ini-
tial density perturbations depends only weakly on scale.
Under these conditions, we argue that our main results
are qualitatively valid as well for axion masses consistent
with the dark matter abundance.

All of our simulations start at redshift z = 7 " 105 using
" m, 0 = " a,0 = 0 .32, " r, 0 = 9 .4 " 10! 5, " ! ,0 = 0 .679906,
and H0 = 100h km s! 1 Mpc! 1 with h = 0 .67.

III. SIMULATION RESULTS

We present the simulations of three separate miniclus-
ters (see Table I). One of the clusters consisted of two
local density maxima that each produced an axion star
which subsequently merged (see the discussion at the end
of this section). Hence, we observed the evolution of Þve
axion stars in total.

The overall structure of all miniclusters and their cen-
tral axion stars is closely analogous to dark matter halos
that form in fuzzy dark matter (FDM) simulations from
cosmological initial conditions [28, 32]. Outside of the ax-
ion stars, the miniclusters consist of incoherent granular

density ßuctuations produced by wave interference. Ad-
ditionally, the axion stars are surrounded by pronounced
density waves. Figure 1 shows a representative snapshot.

The axion stars form roughly during a few free-fall
times after the collapse of the minicluster. Their exact
formation time is ambiguous owing to the violent oscilla-
tions of proto-axion stars discussed below. We deÞne an
axion star by the existence of a self-bound, cored central
density whose angle-averaged proÞle is well described by
an approximate Bose star solution (e.g. [33]):
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FIG. 1. The left panel displays the projected density of a
typical simulation in comoving units. The large box shows
the full simulation domain. A zoom-in of the region where
the axion star has formed is shown in the inlay. The granular
structure within a radius of 0 .021 pc/h can be more clearly
seen in the slice plot in the upper right panel. A volume
rendering of the axion star is shown in the lower right panel.
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APPENDIX

Appendix A: Axion Star ConÞgurations

The stable axion-Þeld conÞguration for the gravitational bound-state of non-relativistic axions can be found by
solving the Gross-Pitaevskii-Poisson equations, which must be done numerically. For a thorough review, see [47] and
references therein. However, it has been shown that a good approximation of these solutions is obtained by using a
Gaussian ansatz for the Þeld proÞle [48Ð50]. Doing so gives some insight into the competing e! ects driving the physics
[51]. Expanding the axion potential (1) to quartic order one Þnds an attractive self interaction

V =
1
2

m2
a! 2 !

"
4!

! 4 , (A1)

with " = (1 ! 3cud )m2
a/f 2

a . An axion star of massM ! and radius R! has energy
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!
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" M 2
!

12m4
aR3

!
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In order, these terms correspond to the gravitational self energy, the gradient pressure, and the internal energy from
self interactions. The numerical coe" cients, ci , depend upon the details of the Þeld proÞle and are found numerically
[51Ð53] to bec1 = 9 .9, c2 = 0 .85. The mass-radius relation for axion stars, found by minimizingE! , has two solutions

R±
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c1

2GN M ! m2
a

!
1 ±

"
1 !

c2

c2
1

" GN M 2
!

#
. (A3)

The R+
! root corresponds to the so-called dilute branch and the axion Þeld value is small. On this branch gravitational

attraction is balanced by gradient pressure leading to a stable conÞguration. As is typical for objects supported by
uncertainty pressure the product of the radius and mass of the star is a constant

R+
! = 9 .9

M 2
pl

m2
aM !

. (A4)

However, as one moves to larger axion star mass the self interactions cannot be ignored and if they are attractive (as
asummed above) they destabilise the star. There is a maximal mass, beyond which axion stars are no longer stable

M max
! =

10.7
"

"
M pl . (A5)

The two solutions (A3) meet at this maximal mass. The second solution is one where gravity can be ignored and the
gradient pressure and the axionÕs attractive self interactions are in unstable equilibrium. On this branchR! # M ! .

The value of the axion Þeld at the center of the star scales asa2
0 # M ! / (m2

aR3
! ) so that at the low mass end of the

R"
! branch a0 # 1 and the axion Þeld is not dilute. The axions can no longer be thought of as non-relativistic and the

solution is approximately constant density (# # m2
! f 2

! ) and thus R! # M 1/ 3
! . However, it is believed that this Þeld

conÞguration is also unstable, with a lifetime# 103m" 1
a [51], although alterations to the axion potential can make

these solutions long lived [54Ð56].
The upshot of this is that if a dilute axion star with mass below M max

! were to form and grow, by accumulation of
additional axions, to the maximal mass it would then shrink in size and become a dense axion star which would survive
for a short period. During this time the dense axion star goes through several oscillations and a density singularity
develops in the central core and this dense region emits relativistic axions lowering the density [35, 57, 58]. This
process repeats and# 30% of the initial star mass can be emitted, leaving a dilute remnant which may in turn grow
to the maximal mass and emit more relativistic axions. Thus, maximal mass stars are an engine to turn substantial
amounts of cold dark matter into radiation.

Appendix B: The growth of axion stars in a large minihalo

When the axion star mass larger than the characteristic star massM ! , the mass growth is found to be well described
by a power law, M ! $ t1/ " . However, the growth rate at lighter masses in an axion minihalo is still unknown. One
would expect the growth rate is larger at smaller radius in the minihalo environment due to the larger density and

For non-relativistic scalars bound by gravity, solve Gross-
Pitaevskii-Poission equations
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Axion star formation and growth

Axions have high phase space density!

Bose enhancement!

Star forms in a gas of axions: condensation and 
evaporation

this can explain the observed correlation. The mass of the soliton can be also signiÞcantly
a! ected by baryonic matter, typically leading to its increase [49, 50].

Boson stars give rise to important signatures opening up various opportunities for future
discovery or constraints on axion DM. In the case of fuzzy DM, they are expected to play a
prominent role in galactic dynamics modifying the rotation curves [21, 22] and heating the
stars in the central regions through oscillations and random walk [26, 51, 52]. When axion
self-interaction is included, they become unstable if their mass exceeds a certain threshold
and collapse producing bursts of relativistic axions [53]. Further allowing for possible axion
coupling to photons, they can be sources of radio emission [54Ð56]. Presence or absence of
boson stars in axion miniclusters can have important implications for their density proÞles
and lensing searches [57, 58]. Very dense boson stars made of inßaton Þeld get produced in
inßationary models with delayed reheating opening a potentially rich phenomenology, such
as seeding primordial black holes or contributing into stochastic high-frequency gravitational
wave background [59].

The dynamical range achievable in axion DM simulations is severely limited by the
computational costs (see the discussion in [35]). This calls for better theoretical understanding
of the physical laws governing the evolution of boson stars in various environments which
would allow their extrapolation outside of the parameter regions explored in simulations. In
the present paper we make a step in this direction by studying the evolution of a boson star
immersed in a box Þlled with homogeneous axion gas. Focusing on this setup allows us to
get rid of the uncertainties related to the dynamics of the halo and keep under control the
gas density and its velocity distribution. The latter is chosen to be Maxwellian at the initial
moment of time. Similar setup was employed in Ref. [39] to study the formation of the soliton
in the process of the gas kinetic relaxation. By contrast, we do not assume the soliton to be
formed from the gas and simply add it in the initial conditions of our simulations. In this way
we are able to explore a wide range of soliton masses corresponding di! erent ratios between
the soliton virial temperature Ts and the temperature of the gasTg.

The key quantity that we are interested in is the rate of change of the soliton mass,

! s =
1

M s

dMs

dt
. (1.3)

We study the dependence of this quantity on the parameters characterizing the gas and the
soliton by a combination of analytical and numerical methods. We Þnd that the solitons with
Ts/T g ! 0.1 grow by absorbing particles from the gas. For Þxed gas parameters, the growth
rate is essentially constant in the range0.1 " Ts/T g " 1, whereas atTs/T g ! 1 it decreases
as (Ts/T g)! n/ 2 with n = 2 Ö 4.

Interestingly, we Þnd that if Ts/T g " 0.08, the soliton evaporates, the time scale of
this process being parametrically shorter than the relaxation time. This does not contradict
previous results on soliton formation from the gas by kinetic relaxation [39]. Indeed, by
running the simulations longer than the evaporation of the initial soliton we observe after a
while the birth of a new soliton with Ts/T g ! 0.1, in agreement with [39]. It is worth stressing
the di! erence between the soliton evaporation and tidal disruption by large-scale gradients of
the halo gravitational Þeld [60]. This is clear already from the fact that there is no halo in
our setup. Moreover, the qualitative direction of the process Ñ evaporation vs. condensation
Ñ is entirely determined by the soliton and gas temperatures and does not depend on the
density contrast between them.4

4Though the quantitative characteristics Ñ the evaporation rate Ñ does depend on the gas density, ! s ! ! 2
g

Ð 3 Ð



Axion star growth timescales

Bose enhanced kinetic relaxation time
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form axion stars this speed is much smaller than typical
speeds in the Milky Way. Numerical studies have shown
that the dark matter halos at the characteristic mass will
Þrst reach a concentration factor [25]c ! 4 at the time
of halo collapse [26]. For lighter halos that grow more
through accretion than mergers, the halo concentration
will grow linearly with the scale factor due to the de-
creasing background density. In the next subsections we
discuss further structures that can develop in the core of
these minihalos. In addition to the low speeds in mini-
halos, the scale density in the mini-halos that form early
is large,

! s = ! 0(1 + z)3 ! 200 c3

3
!

log(1 + c) " c
1+ c

" , (7)

where ! 200 ! 200 in the spherical collapse model. For
mini-halos that collapse atzeq this density is ! s ! 1014! 0.

B. Lifecycle of an Axion Star

We now turn to the question of formation of axion stars
at the core of the minihalos discussed above. The sub-
sequent growth and explosion of axion stars (axinovae)
will also be studied. There are a few timescales we will
discuss that are relevant in the lifecycle of axion stars:

¥ The condensation timescale from gravitational in-
teractions

¥ The condensation timescale from axion self-
interactions.

¥ The evaporation timescale of light axion stars.

¥ The Hubble time when the axion star formation is
active.

We will discuss those timescales later in this subsection.
For the parameter space that axinovae can place mean-
ingful constraints on, the axion self-interaction always
dominates over gravity.

As discussed in Appendix A, there are two branches
of axion star conÞgurations: the dilute branch, which,
below a certain mass, is stable and the dense branch
which will explode and emit relativistic axions. There is
a critical star mass (A5) that separates the two branches,
which we denote asM max

! . Therefore, if they continue
to accrete mass, the lighter dilute axion stars will even-
tually become unstable in a minihalo environment. Ax-
ion minihalos are ideal environments for the axion star
formation because they are dense and cold, owing to the
high collapse redshifts and small virial masses. When the
star formation rate is su" ciently large, stars will form in
the minihalo center and grow to a critical mass star if
the minihalo is massive enough. The critical star will
contract under self-interaction and gravity, converting a
large fraction of its mass to relativistic axions. Until

the axinovae consume most of the minihalo mass, ax-
ion minihalos remain ideal environments for the axion
star formation and axinovae shall occur again within the
same timescale. Thus, we naturally expect the axinovae
phenomenon to be recurrent, when the growth timescale
is fast enough. The crucial calculation to determine the
fate of axion stars is the formation rate in the minihalo
center and the corresponding star mass.

Once minihalos exist, gravitational interactions or self-
interactions can subsequently lead to the formation of
Bose-Einstein condensed axion stars at their center. The
timescale for this formation, and subsequent growth, in
an environment where the axions being captured have
typical number density n and speedv is determined [27Ð
30] by

" # (f BE n#v)" 1 . (8)

With # the total scattering cross section. This formation
rate is Bose-enhanced from the naive expectation due
to the large phase space density,f BE = 6$2n(mav)" 3.
The gravitational Rutherford transport cross section
is #gr = 8$(GN mav" 2)2 log(mavR), where the Coulomb
logarithm has been cuto# at a characteristic length scale
of the minihalo, R. Attractive self-couplings can also
lead to formation and the scattering cross section is
#self = %2m" 2

a / 128$. The total condensation time, con-
sidering both gravity and self-interaction, is

" =
"self "gr

"gr + "self
. (9)

With each individual process having a timescale of

"gr =
b

48$3

mav6

G2
N n2 log (mavR)

, (10)

for gravity, and

"self =
64dm5

av2

3$n2%2 . (11)

The parameters b, d # O(1) are numerical coe" cients
that are extracted from numerical simulations [31]. Com-
paring these two timescales, (10) and (11), we see that
the self interactions will determine the axion star forma-
tion rate if f a <# M pl v. Furthermore, if the relevant speed
is determined by gravitational collapse of a minihalo (6)
then self interactions dominate in the limit f 2

a <# ! sr 2
s .

When determining the gravitational relaxation timescale
for formation of axion stars in minihalos we take, as typ-
ical, the densities and speeds at the scale radius, see
Eqs. (5) and (6).

In addition to the timescale for axion star growth there
is also a rate for evaporation of the star. Axions in the
halo that are not part of the star can collide with bound
axions causing them to be ejected. The rate for this pro-
cess shrinks with axion star mass and is approximately
[32] $evap # (mavR! )2" " 1. The competition between
growth and evaporation means only axion stars above a
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ion minihalos are ideal environments for the axion star
formation because they are dense and cold, owing to the
high collapse redshifts and small virial masses. When the
star formation rate is su" ciently large, stars will form in
the minihalo center and grow to a critical mass star if
the minihalo is massive enough. The critical star will
contract under self-interaction and gravity, converting a
large fraction of its mass to relativistic axions. Until

the axinovae consume most of the minihalo mass, ax-
ion minihalos remain ideal environments for the axion
star formation and axinovae shall occur again within the
same timescale. Thus, we naturally expect the axinovae
phenomenon to be recurrent, when the growth timescale
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fate of axion stars is the formation rate in the minihalo
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Bose-Einstein condensed axion stars at their center. The
timescale for this formation, and subsequent growth, in
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30] by

" # (f BE n#v)" 1 . (8)

With # the total scattering cross section. This formation
rate is Bose-enhanced from the naive expectation due
to the large phase space density,f BE = 6$2n(mav)" 3.
The gravitational Rutherford transport cross section
is #gr = 8$(GN mav" 2)2 log(mavR), where the Coulomb
logarithm has been cuto# at a characteristic length scale
of the minihalo, R. Attractive self-couplings can also
lead to formation and the scattering cross section is
#self = %2m" 2

a / 128$. The total condensation time, con-
sidering both gravity and self-interaction, is

" =
"self "gr

"gr + "self
. (9)

With each individual process having a timescale of

"gr =
b

48$3

mav6

G2
N n2 log (mavR)

, (10)

for gravity, and

"self =
64dm5

av2

3$n2%2 . (11)

The parameters b, d # O(1) are numerical coe" cients
that are extracted from numerical simulations [31]. Com-
paring these two timescales, (10) and (11), we see that
the self interactions will determine the axion star forma-
tion rate if f a <# M pl v. Furthermore, if the relevant speed
is determined by gravitational collapse of a minihalo (6)
then self interactions dominate in the limit f 2

a <# ! sr 2
s .

When determining the gravitational relaxation timescale
for formation of axion stars in minihalos we take, as typ-
ical, the densities and speeds at the scale radius, see
Eqs. (5) and (6).

In addition to the timescale for axion star growth there
is also a rate for evaporation of the star. Axions in the
halo that are not part of the star can collide with bound
axions causing them to be ejected. The rate for this pro-
cess shrinks with axion star mass and is approximately
[32] $evap # (mavR! )2" " 1. The competition between
growth and evaporation means only axion stars above a

Gravity or self couplings

Axions can also evaporate from the star
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Figure 10 : The soliton growth/evaporation rate as function of kgr s Ñ the product of the gas
momentum and the soliton half-density radius. The cumulative dependence is constructed
using 3900 data points extracted from 195 independent simulations with di! erent gas and
soliton parameters. The data are binned on logarithmic scale inkgr s. Each dot gives the
average value of the growth rate in the bin, while the vertical error bars correspond to the
standard deviation within the bin. The blue solid line shows the asymptotic dependence pre-
dicted by eq. (3.23). At small kgr s the dotted lines indicate possible power-law dependences.
The dashed vertical line marks the value ofkgr s corresponding to the equality of the gas and
soliton virial temperatures, Tg/T s = 1 .

kgr s ! 2.5 which is in reasonable agreement with the naive estimate (3.25). In terms of the
gas and soliton virial temperatures, it corresponds toTg/T s " 12.

For lower kgr s the soliton grows. The growth rate stays almost constant in the range
0.7 < k gr s < 2 where it is comparable to the inverse of the gas relaxation time! ! 1

rel , see
eq. (2.19). The lower end of the plateau corresponds to the equality of the gas and soliton
virial temperatures, Tg/T s = 1 , which is marked by the dashed vertical line in Þg.10.

At kgr s < 0.7 (equivalently Tg/T s < 1) the growth rate quickly decreases. We Þnd that
this decrease is consistent with a power law

! s # (kgr s)n (4.16)

with n " 3 indicated by the dotted line in the plot. The points with the smallest values
of kgr s hint at a steepening dependence withn = 4 at kgr s $ 0, in agreement with the
analytic estimate (3.31). There are, however, several caveats that prevent us from claiming
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certain mass will gain mass by gathering axions from the
halo. As observed in numerical simulations [27, 32] such
stars Þrst appear after time! and then proceed to grow.
The growth is initially fast ( d logM/dt is constant) but
once the virial velocity of the minicluster falls below the
speed of the axions in the axion star the rate of growth
slows, d logM/dt becomes inversely proportional to (a
power of) the star mass [32] which results in the mass
growing with time as a power law. The characteristic
axion star mass where this change in behavior occurs is
obtained by equating the virial velocity of the minicluster
with that of the axion star [27, 28, 31Ð34] is

M ! ! 3" 1/ 6
a G" 1/ 2

N m" 1
a M 1/ 3

h , (12)

where M h is the halo mass. The behavior of the growth
rate once the axions in the star are moving faster than
those in the halo is not deÞnitively known, and there is
evidence that it may continue to evolve with star mass
[32]. This would result in the mass growing as a power
law with a running index. However, to simplify our anal-
ysis and to partially account for the numerical uncertain-
ties, we will use a single power law but consider a range of
possible powers. In particular, we parametrize the power-
law mass growth asM ! = M ! (t/ ! )1/ ! and vary # in the
range of 1 to 5. With initial exponential growth followed
by constant power law growth, the timescale to form an
axion star at critical mass M max

! depends in which regime
the critical mass falls. Thus,

tcrit = ! "

!
log

"
M ! /M max

!

#
+ 1 , M max

! # M !

(M max
! / M ! )! , M max

! > M !
.

(13)
The numerical simulations discussed above have

mostly been carried out assuming a homogenous gas of
axions as the initial background upon which an axion
star forms. For stars that form in minihalos the gas has
a density and velocity proÞle. In Appendix B we argue
that for an NFW proÞle the exponential growth is re-
placed with a power law, and the whole growth becomes
a single power law, with # = 3 / 2 when self interactions
dominate.

Given that the majority of the dark matter has col-
lapsed into axion minihalos with a characteristic mass
M peak (z), the total fraction of dark matter rest mass that
has been converted to kinetic energy per unit time can
be calculated as

df decay

dt
=

$ M max
!

M peak (z) tcrit
, (14)

where $ is the fraction of the axion starÕs mass that is
converted to relativistic axions during axinovae. From
simulations of these processes [35], it is seen that ap-
proximately 50% of the starÕs mass is lost during the
nova and of this about 20% is in the form of relativistic
axions, so$ ! 0.1. The time to reach a critical star given
in (13) assumes the star grows from an undistorted mini-
halo. After the Þrst axinova there is a remanent of mass

$ 0.5M max
! already present and the time for this to grow

to M max
! is slightly shorter than for the Þrst star. For the

power law considered here this correction is small and we
ignore it, assuming all subsequent stars take timetcrit to
explode.

III. COSMOLOGICAL CONSTRAINTS

A. The decay rate of axion stars

The process of forming axion stars which subsequently
become nova converts non-relativistic dark matter axions
into boosted (%$ O(few)) axions. The kinetic energy of
the outgoing axions will red-shift away after the scale fac-
tor has grown by $

%
%and thus the dark matterÕs con-

tribution to the matter-energy budget is depleted. Here
we study the impact of the cumulative loss of mass in
the dark sector but it is possible that the temporary ex-
istence of a new relativistic species may lead to a mea-
surable e! ect on large-scale structure and is worthy of
future study.

This process is closely related to the scenario of de-
caying dark matter, which is well constrained by recent
cosmological data [36Ð38]. For dark matter which de-
cays after recombination, the decrease of the dark mat-
ter fraction will increase the angular diameter distance
to the last scattering surface over time. Furthermore,
the amount of CMB lensing is reduced due to a smaller
gravitational potential than expected. This scenario is
constrained by a combination of CMB [39] and, for very
long lived dark matter, SDSS [40] data. If the decay of
dark matter occurs well before recombination or even be-
fore matter-radiation equality, the primary e ! ect of the
decaying dark matter is to enhanceNe! since the decay
products behave as dark radiation. In the short-lived sit-
uation the constraints are primarily from CMB measure-
ments. We will be interested in the long-lived case, and
in particular decays which occur after matter-radiation
equality but are no longer ongoing. The equivalent bound
[38] for decaying dark matter on the fraction of the initial
amount of dark matter that can decay is

f dDM &
" dDM

" dDM + " DM
# 2.62% (at 2&) . (15)

Although the cosmological evolution of the dark sectors
for decaying dark matter and axinovae are not identi-
cal they are similar and since the above constraint is in-
dependent of decaying dark matter lifetime over a wide
range of lifetimes we will use it to constrain axions. We
leave a more detailed numerical analysis, and an investi-
gation of other possible signals, for future work. Convert-
ing (15) to the case of axinova leads to the requirement
that

$ z=20

zc

dz
df decay

dz
# 2.62% . (16)
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Figure 10 : The soliton growth/evaporation rate as function of kgr s Ñ the product of the gas
momentum and the soliton half-density radius. The cumulative dependence is constructed
using 3900 data points extracted from 195 independent simulations with di! erent gas and
soliton parameters. The data are binned on logarithmic scale inkgr s. Each dot gives the
average value of the growth rate in the bin, while the vertical error bars correspond to the
standard deviation within the bin. The blue solid line shows the asymptotic dependence pre-
dicted by eq. (3.23). At small kgr s the dotted lines indicate possible power-law dependences.
The dashed vertical line marks the value ofkgr s corresponding to the equality of the gas and
soliton virial temperatures, Tg/T s = 1 .

kgr s ! 2.5 which is in reasonable agreement with the naive estimate (3.25). In terms of the
gas and soliton virial temperatures, it corresponds toTg/T s " 12.

For lower kgr s the soliton grows. The growth rate stays almost constant in the range
0.7 < k gr s < 2 where it is comparable to the inverse of the gas relaxation time! ! 1

rel , see
eq. (2.19). The lower end of the plateau corresponds to the equality of the gas and soliton
virial temperatures, Tg/T s = 1 , which is marked by the dashed vertical line in Þg.10.

At kgr s < 0.7 (equivalently Tg/T s < 1) the growth rate quickly decreases. We Þnd that
this decrease is consistent with a power law

! s # (kgr s)n (4.16)

with n " 3 indicated by the dotted line in the plot. The points with the smallest values
of kgr s hint at a steepening dependence withn = 4 at kgr s $ 0, in agreement with the
analytic estimate (3.31). There are, however, several caveats that prevent us from claiming
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certain mass will gain mass by gathering axions from the
halo. As observed in numerical simulations [27, 32] such
stars Þrst appear after time! and then proceed to grow.
The growth is initially fast ( d logM/dt is constant) but
once the virial velocity of the minicluster falls below the
speed of the axions in the axion star the rate of growth
slows, d logM/dt becomes inversely proportional to (a
power of) the star mass [32] which results in the mass
growing with time as a power law. The characteristic
axion star mass where this change in behavior occurs is
obtained by equating the virial velocity of the minicluster
with that of the axion star [27, 28, 31Ð34] is

M ! ! 3" 1/ 6
a G" 1/ 2

N m" 1
a M 1/ 3

h , (12)

where M h is the halo mass. The behavior of the growth
rate once the axions in the star are moving faster than
those in the halo is not deÞnitively known, and there is
evidence that it may continue to evolve with star mass
[32]. This would result in the mass growing as a power
law with a running index. However, to simplify our anal-
ysis and to partially account for the numerical uncertain-
ties, we will use a single power law but consider a range of
possible powers. In particular, we parametrize the power-
law mass growth asM ! = M ! (t/ ! )1/ ! and vary # in the
range of 1 to 5. With initial exponential growth followed
by constant power law growth, the timescale to form an
axion star at critical mass M max

! depends in which regime
the critical mass falls. Thus,
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The numerical simulations discussed above have

mostly been carried out assuming a homogenous gas of
axions as the initial background upon which an axion
star forms. For stars that form in minihalos the gas has
a density and velocity proÞle. In Appendix B we argue
that for an NFW proÞle the exponential growth is re-
placed with a power law, and the whole growth becomes
a single power law, with # = 3 / 2 when self interactions
dominate.

Given that the majority of the dark matter has col-
lapsed into axion minihalos with a characteristic mass
M peak (z), the total fraction of dark matter rest mass that
has been converted to kinetic energy per unit time can
be calculated as

df decay

dt
=

$ M max
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M peak (z) tcrit
, (14)

where $ is the fraction of the axion starÕs mass that is
converted to relativistic axions during axinovae. From
simulations of these processes [35], it is seen that ap-
proximately 50% of the starÕs mass is lost during the
nova and of this about 20% is in the form of relativistic
axions, so$ ! 0.1. The time to reach a critical star given
in (13) assumes the star grows from an undistorted mini-
halo. After the Þrst axinova there is a remanent of mass

$ 0.5M max
! already present and the time for this to grow

to M max
! is slightly shorter than for the Þrst star. For the

power law considered here this correction is small and we
ignore it, assuming all subsequent stars take timetcrit to
explode.

III. COSMOLOGICAL CONSTRAINTS

A. The decay rate of axion stars

The process of forming axion stars which subsequently
become nova converts non-relativistic dark matter axions
into boosted (%$ O(few)) axions. The kinetic energy of
the outgoing axions will red-shift away after the scale fac-
tor has grown by $

%
%and thus the dark matterÕs con-

tribution to the matter-energy budget is depleted. Here
we study the impact of the cumulative loss of mass in
the dark sector but it is possible that the temporary ex-
istence of a new relativistic species may lead to a mea-
surable e! ect on large-scale structure and is worthy of
future study.

This process is closely related to the scenario of de-
caying dark matter, which is well constrained by recent
cosmological data [36Ð38]. For dark matter which de-
cays after recombination, the decrease of the dark mat-
ter fraction will increase the angular diameter distance
to the last scattering surface over time. Furthermore,
the amount of CMB lensing is reduced due to a smaller
gravitational potential than expected. This scenario is
constrained by a combination of CMB [39] and, for very
long lived dark matter, SDSS [40] data. If the decay of
dark matter occurs well before recombination or even be-
fore matter-radiation equality, the primary e ! ect of the
decaying dark matter is to enhanceNe! since the decay
products behave as dark radiation. In the short-lived sit-
uation the constraints are primarily from CMB measure-
ments. We will be interested in the long-lived case, and
in particular decays which occur after matter-radiation
equality but are no longer ongoing. The equivalent bound
[38] for decaying dark matter on the fraction of the initial
amount of dark matter that can decay is
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Although the cosmological evolution of the dark sectors
for decaying dark matter and axinovae are not identi-
cal they are similar and since the above constraint is in-
dependent of decaying dark matter lifetime over a wide
range of lifetimes we will use it to constrain axions. We
leave a more detailed numerical analysis, and an investi-
gation of other possible signals, for future work. Convert-
ing (15) to the case of axinova leads to the requirement
that
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kgr s ! 2.5 which is in reasonable agreement with the naive estimate (3.25). In terms of the
gas and soliton virial temperatures, it corresponds toTg/T s " 12.

For lower kgr s the soliton grows. The growth rate stays almost constant in the range
0.7 < k gr s < 2 where it is comparable to the inverse of the gas relaxation time! ! 1
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eq. (2.19). The lower end of the plateau corresponds to the equality of the gas and soliton
virial temperatures, Tg/T s = 1 , which is marked by the dashed vertical line in Þg.10.

At kgr s < 0.7 (equivalently Tg/T s < 1) the growth rate quickly decreases. We Þnd that
this decrease is consistent with a power law

! s # (kgr s)n (4.16)

with n " 3 indicated by the dotted line in the plot. The points with the smallest values
of kgr s hint at a steepening dependence withn = 4 at kgr s $ 0, in agreement with the
analytic estimate (3.31). There are, however, several caveats that prevent us from claiming
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certain mass will gain mass by gathering axions from the
halo. As observed in numerical simulations [27, 32] such
stars Þrst appear after time! and then proceed to grow.
The growth is initially fast ( d logM/dt is constant) but
once the virial velocity of the minicluster falls below the
speed of the axions in the axion star the rate of growth
slows, d logM/dt becomes inversely proportional to (a
power of) the star mass [32] which results in the mass
growing with time as a power law. The characteristic
axion star mass where this change in behavior occurs is
obtained by equating the virial velocity of the minicluster
with that of the axion star [27, 28, 31Ð34] is

M ! ! 3" 1/ 6
a G" 1/ 2

N m" 1
a M 1/ 3

h , (12)

where M h is the halo mass. The behavior of the growth
rate once the axions in the star are moving faster than
those in the halo is not deÞnitively known, and there is
evidence that it may continue to evolve with star mass
[32]. This would result in the mass growing as a power
law with a running index. However, to simplify our anal-
ysis and to partially account for the numerical uncertain-
ties, we will use a single power law but consider a range of
possible powers. In particular, we parametrize the power-
law mass growth asM ! = M ! (t/ ! )1/ ! and vary # in the
range of 1 to 5. With initial exponential growth followed
by constant power law growth, the timescale to form an
axion star at critical mass M max

! depends in which regime
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The numerical simulations discussed above have

mostly been carried out assuming a homogenous gas of
axions as the initial background upon which an axion
star forms. For stars that form in minihalos the gas has
a density and velocity proÞle. In Appendix B we argue
that for an NFW proÞle the exponential growth is re-
placed with a power law, and the whole growth becomes
a single power law, with # = 3 / 2 when self interactions
dominate.

Given that the majority of the dark matter has col-
lapsed into axion minihalos with a characteristic mass
M peak (z), the total fraction of dark matter rest mass that
has been converted to kinetic energy per unit time can
be calculated as

df decay

dt
=

$ M max
!

M peak (z) tcrit
, (14)

where $ is the fraction of the axion starÕs mass that is
converted to relativistic axions during axinovae. From
simulations of these processes [35], it is seen that ap-
proximately 50% of the starÕs mass is lost during the
nova and of this about 20% is in the form of relativistic
axions, so$ ! 0.1. The time to reach a critical star given
in (13) assumes the star grows from an undistorted mini-
halo. After the Þrst axinova there is a remanent of mass

$ 0.5M max
! already present and the time for this to grow

to M max
! is slightly shorter than for the Þrst star. For the

power law considered here this correction is small and we
ignore it, assuming all subsequent stars take timetcrit to
explode.

III. COSMOLOGICAL CONSTRAINTS

A. The decay rate of axion stars

The process of forming axion stars which subsequently
become nova converts non-relativistic dark matter axions
into boosted (%$ O(few)) axions. The kinetic energy of
the outgoing axions will red-shift away after the scale fac-
tor has grown by $

%
%and thus the dark matterÕs con-

tribution to the matter-energy budget is depleted. Here
we study the impact of the cumulative loss of mass in
the dark sector but it is possible that the temporary ex-
istence of a new relativistic species may lead to a mea-
surable e! ect on large-scale structure and is worthy of
future study.

This process is closely related to the scenario of de-
caying dark matter, which is well constrained by recent
cosmological data [36Ð38]. For dark matter which de-
cays after recombination, the decrease of the dark mat-
ter fraction will increase the angular diameter distance
to the last scattering surface over time. Furthermore,
the amount of CMB lensing is reduced due to a smaller
gravitational potential than expected. This scenario is
constrained by a combination of CMB [39] and, for very
long lived dark matter, SDSS [40] data. If the decay of
dark matter occurs well before recombination or even be-
fore matter-radiation equality, the primary e ! ect of the
decaying dark matter is to enhanceNe! since the decay
products behave as dark radiation. In the short-lived sit-
uation the constraints are primarily from CMB measure-
ments. We will be interested in the long-lived case, and
in particular decays which occur after matter-radiation
equality but are no longer ongoing. The equivalent bound
[38] for decaying dark matter on the fraction of the initial
amount of dark matter that can decay is
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Although the cosmological evolution of the dark sectors
for decaying dark matter and axinovae are not identi-
cal they are similar and since the above constraint is in-
dependent of decaying dark matter lifetime over a wide
range of lifetimes we will use it to constrain axions. We
leave a more detailed numerical analysis, and an investi-
gation of other possible signals, for future work. Convert-
ing (15) to the case of axinova leads to the requirement
that
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Axion star simulations

Figure 8 : Soliton mass evolution in simulations withkgr init
s from 0.75 to 2.26 (top) and from

3.32 to 4.52 (bottom). By shifting the curves along the time axis we have observed that they
can be stacked on top of each other.

ratio ! s/f 2
g . The associated bias is comparable to the other uncertainties in the measurement

of ! s and is included in the error bars for our Þnal results in the next section.
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Figure 15 : Same as upper panel in Þg.8 with the addition of the soliton mass evolution
from a run with soliton formation (in grey). The spontaneously formed soliton approaches
the same growth rate as the solitons embedded in the gas from the start.

two simulation suits are embedded in environments with very di! erent histories and their
growth rate need not be the same. Nevertheless, it turns out that the soliton growth exhibits
a remarkable universality. In Þg. 15 we superimpose the time-dependent mass of a soliton
born in the gas on top of the soliton masses from out main simulation suit with solitons
incorporated in the initial conditions. We see that after a brief transient period of a faster
growth, the formed soliton approaches the same time dependence as the solitons with the
same mass that are present in the gas from the start.

This suggests that the gas distribution restores its Maxwellian form after the soliton
formation. We check this conjecture by measuring the amplitudes of axion modes|! k |2 in the
simulation from Þg. 15 at several moments of time: at the beginning of the simulation (t = 0 ),
before the soliton formation (t = 0 .89"rel ), and after the soliton has formed (t = 1 .78"rel ).
The amplitudes are averaged over spherical shells with Þxed values ofk = |k |. The results are
shown in Þg.16 (solid lines with circles). We see that right before the soliton formation, the
distribution develops a pronounced bump in the low-k part of the spectrum, consistently with
the results of [39]. This bump, however, disappears after the soliton is formed and at late
times the distribution qualitatively resembles Maxwellian (shown by the thick green line). We
also superimpose in the same Þgure the distribution for the run with soliton initially present
in the gas sampled at the same intervals from the start of the simulation (dashed lines). The
parameters of this run are(N = 128, kg = 0 .5, f g = 0 .06, kgr init

s = 1 .51) and correspond to
the blue curve in Þg.15. In this case we see that the distribution preserves the Maxwellian
shape at all times, without any excess at low-k modes. We conclude that the presence of the
soliton a! ects the axion gas in a curious way: it stabilizes the Maxwell distribution of axion
momenta.

It is worth stressing that we are talking about the distribution in the gas and not in the
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We study Bose-Einstein condensation and formation of Bose stars in the virialized dark matter
halos/miniclusters by universal gravitational interactions. We prove that this phenomenon does
occur and it is described by kinetic equation. We give expression for the condensation time. Our
results suggest that Bose stars may form kinetically in the mainstream dark matter models such as
invisible QCD axions and Fuzzy Dark Matter.

1. Introduction. Bose stars are lumps of Bose -
Einstein condensate bounded by self-gravity [1, 2]. They
can be made of condensed dark matter (DM) bosons Ñ
say, invisible QCD axions [3] or Fuzzy DM [4]. That is
why their physics, phenomenology and observational sig-
natures remain in the focus of cosmological research for
decades [5], see recent papers [6, 7]. Unfortunately, for-
mation of Bose stars is still poorly understood and many
recent works have to assume their existence.

In this Letter we study Bose-Einstein condensation in
the virialized DM halos/miniclusters caused by univer-
sal gravitational interactions. We work at large occupa-
tion numbers which is correct if the DM bosons are light.
Notably, we consider kinetic regime where the initial co-
herence length and period of the DM particles are close
to the de Broglie values (mv)" 1 and (mv2)" 1 and much
smaller than the halo sizeR and condensation time! gr ,

mvR ! 1 , mv2! gr ! 1 . (1)

We numerically solve microscopic equations for the en-
semble of gravitating bosons in this case and Þnd that
the Bose stars indeed form. We derive expression for! gr

and study kinetics of the process.
Up to our knowledge, gravitational Bose-Einstein con-

densation in kinetic regime has not been observed in
simulations before. Old works considered only con-
tact interactions between the DM bosons [8] which
are non-universal and suppressed by quartic constants
" " 10" 50 [9] and 10" 100 [10] in models of QCD axions
and string axions/Fuzzy DM. Our results show that in
these cases gravitational condensation isfaster: although
the NewtonÕs constantGm2 is tiny, its e! ect is enhanced
by collective interaction of large ßuctuations in the boson
gas at large distances, cf. [11].

On the other hand, all previous numerical studies of
Bose star formation considered coherent initial conÞgura-
tions of the bosonic Þeld Ñ a Gaussian wavepacket [12] or
the Bose stars themself [13, 14]. A spectacular simulation
of structure formation by wavelike/Fuzzy DM [ 13, 15]
started from (almost) homogeneous Bose-Einstein con-
densate. In all these cases the Bose stars form almost
immediately [12, 13] from the lowest-energy part of the
initial condensate.

We consider entirely di! erent situation (1) when the
DM bosons are virialized in the initial state. The closest
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FIG. 1. Formation of Bose star from random Þeld with initial
distribution | ÷! ÷p |2 ! e! ÷p 2

and total mass ÷N = 50 in the box
0 " ÷x, ÷y, ÷z < 125. These values correspond to the center of
the axion minicluster with M c # 10! 13 M " and ! # 2.7 in
Sec. 8. (a), (b) Sections ÷z = const of the solution | ÷! (÷t, ÷x )|
at (a) ÷t = 0 and (b) ÷t > ÷"gr $ 1.08 á106. (c) Radial proÞle
| ÷! (÷r )| of the object in Fig. 1b (points) compared to the Bose
star ÷! s (÷r ) with ÷#s $ % 0.7 (line). (d) Maximum of | ÷! ( ÷x )|
over the box as a function of time. (e) Spectra ( 3) at times
of Figs. 1a, b and at the eve of Bose star nucleation, ÷t =
1.05 á106 # ÷"gr . (f) The spectrum at t # "gr (dashed line)
versus the solution of Eq. (5) (circles) and thermal law ÷F !
÷# ! 1/ 2 (dots).
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We study Bose-Einstein condensation and formation of Bose stars in the virialized dark matter
halos/miniclusters by universal gravitational interactions. We prove that this phenomenon does
occur and it is described by kinetic equation. We give expression for the condensation time. Our
results suggest that Bose stars may form kinetically in the mainstream dark matter models such as
invisible QCD axions and Fuzzy Dark Matter.

1. Introduction. Bose stars are lumps of Bose -
Einstein condensate bounded by self-gravity [1, 2]. They
can be made of condensed dark matter (DM) bosons Ñ
say, invisible QCD axions [3] or Fuzzy DM [4]. That is
why their physics, phenomenology and observational sig-
natures remain in the focus of cosmological research for
decades [5], see recent papers [6, 7]. Unfortunately, for-
mation of Bose stars is still poorly understood and many
recent works have to assume their existence.

In this Letter we study Bose-Einstein condensation in
the virialized DM halos/miniclusters caused by univer-
sal gravitational interactions. We work at large occupa-
tion numbers which is correct if the DM bosons are light.
Notably, we consider kinetic regime where the initial co-
herence length and period of the DM particles are close
to the de Broglie values (mv)" 1 and (mv2)" 1 and much
smaller than the halo sizeR and condensation time! gr ,

mvR ! 1 , mv2! gr ! 1 . (1)

We numerically solve microscopic equations for the en-
semble of gravitating bosons in this case and Þnd that
the Bose stars indeed form. We derive expression for! gr

and study kinetics of the process.
Up to our knowledge, gravitational Bose-Einstein con-

densation in kinetic regime has not been observed in
simulations before. Old works considered only con-
tact interactions between the DM bosons [8] which
are non-universal and suppressed by quartic constants
" " 10" 50 [9] and 10" 100 [10] in models of QCD axions
and string axions/Fuzzy DM. Our results show that in
these cases gravitational condensation isfaster: although
the NewtonÕs constantGm2 is tiny, its e! ect is enhanced
by collective interaction of large ßuctuations in the boson
gas at large distances, cf. [11].

On the other hand, all previous numerical studies of
Bose star formation considered coherent initial conÞgura-
tions of the bosonic Þeld Ñ a Gaussian wavepacket [12] or
the Bose stars themself [13, 14]. A spectacular simulation
of structure formation by wavelike/Fuzzy DM [ 13, 15]
started from (almost) homogeneous Bose-Einstein con-
densate. In all these cases the Bose stars form almost
immediately [12, 13] from the lowest-energy part of the
initial condensate.

We consider entirely di! erent situation (1) when the
DM bosons are virialized in the initial state. The closest
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and total mass ÷N = 50 in the box
0 " ÷x, ÷y, ÷z < 125. These values correspond to the center of
the axion minicluster with M c # 10! 13 M " and ! # 2.7 in
Sec. 8. (a), (b) Sections ÷z = const of the solution | ÷! (÷t, ÷x )|
at (a) ÷t = 0 and (b) ÷t > ÷"gr $ 1.08 á106. (c) Radial proÞle
| ÷! (÷r )| of the object in Fig. 1b (points) compared to the Bose
star ÷! s (÷r ) with ÷#s $ % 0.7 (line). (d) Maximum of | ÷! ( ÷x )|
over the box as a function of time. (e) Spectra ( 3) at times
of Figs. 1a, b and at the eve of Bose star nucleation, ÷t =
1.05 á106 # ÷"gr . (f) The spectrum at t # "gr (dashed line)
versus the solution of Eq. (5) (circles) and thermal law ÷F !
÷# ! 1/ 2 (dots).
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Axion minihalos

"PQ breaking after inßation!
"Multiple causally disconnected patches!
"Domain walls, strings, small scale power

8

smaller velocity. If a star is formed within a small radius, the mass contained in this region is small. Therefore, lighter
objects always start to form with a greater rate. For an NFW proÞle, the mass contained withinr is

M (r )|r ! 0 = 4 !" sr 3
s

!
ln

!
1 +

r
r s

"
!

r
r + r s

"
" 2!" sr sr 2. (B1)

The formation timescale given by self-interactions is#self # v2/ " 2. At small radius of an NFW halo, the density and
velocity scale as" # 1/r and v #

$
r . Therefore, M (t) # t2/ 3. Similarly, if the gravity dominates the axion star

formation, #gr # v6/ " 2 # r 5 at small radius and we obtain the mass growth power lawM (t) # t2/ 5. Since this scaling
is active at short distance scales within the minihalo we consider a scenario where$ = 3 / 2 at all axion star masses,
see Fig. 1.

Appendix C: Press-Schechter with White Noise-like Power at Short Distances

We consider the density perturbations, %% %"/ " , to consist of two contributions, conventional ! CDM adiabatic
perturbations that are present at all scales and isocurvature perturbations which are only become important over
a Þnite range of scales. We take the isocurvature contribution to be a power low with a cut-o" at very small
scales, corresponding to a wavenumberk0. For the case of the axion it is believed the short-scale behavior has a
power spectrum that is approximately that of white noise, corresponding ton = 3 below. Modes from these two
contributions have di" erent growth behaviors after they enter the horizon, in particular the adiabatic perturbations
have logarithmic growth until matter-radiation equality while the isocurvature modes do not. At late times, in the
matter dominated era, they have similar growth. Taking into account these di" erent growth behaviors the two-point
function of the density perturbations is

&%2' =
2! 2

k3

#

D 2
adi I 2

1 L 2As

!
k
ks

" n s " 1

+ D 2
iso A0

!
k
k0

" n

# (k0 ! k)

$

. (C1)

For a ! CDM-like power spectrum As " 2 ( 10" 9, ns " 0.97, and the pivot scale isks = 5 ( 10" 3 Mpc" 1. At late
times Dadi " D iso " a/a eq = (1 + zeq)/ (1 + z) and the exact forms can be found in standard referencese.g. [59, 60].
The constant I 1 " 9.1 and L " log(0.1aeq/a ).

The Press-Schechter formalism assumes spherical collapse of over-densities and that the probability for these col-
lapses follows a Gaussian distribution whose variance, smoothed at some scaleR, is given by

&2(z, R) =
%

d3k

(2! )3 &%2'
&
&
&'W (kR)

&
&
&
2

, (C2)

where 'W (kR) is the window function and can take various forms. Here we focus on the so-called sharpk-Þlter where
'W (z) = # (1 ! z). For this choice of window function there is not a well deÞned mass,M , associated with the
co-moving Þlter scaleR, since the real space form of'W does not have local support [61]. However, we will follow the
oft-used relation M = 6 ! 2" 0R3 [62], where" 0 is the present day cosmological axion density. Note that for (C2) to be
well deÞned we have to introduce an IR cut-o" kIR and we deÞneM 0 = 6 ! 2" 0k" 3

0 . We are typically interested in halo
masses and formation redshifts where the adiabatic perturbations are subdominant to the isocurvature perturbations,
As ) A0. In this regime, once structures can formi.e. z < z eq, the variance has the simple form

&2(z, M ) *
!

1 + zeq

1 + z

" 2 A0

n
(

(
1 M + M 0
) M 0

M

*n/ 3
M > M 0

. (C3)

In the Press-Schechter approach the halo mass function is related to the probability to Þnd%> %c " 1.686, with
the fraction of matter in objects of massM given by

df
dM

=

+
2
!

%c

M &

&
&
&
&

d log&
d logM

&
&
&
&e" ! 2

c / " 2
. (C4)

The exponential suppression means that the most massive objects, with massM peak , to have formed are those for
which &(z, Mpeak ) = %c. If the isocurvature perturbations were large enough,A0 > n %c, these objects would form at
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particles (ALPs) is broad. One common feature across
this landscape is that the axion,! , is a pseudo-Goldstone
boson of a globalU(1)P Q symmetry broken at a scale
f a. The U(1)P Q is anomalous under a conÞning gauge
group which means that the axionÕs potential is generated
through instanton e! ects occurring at the compositeness
scale of the gauge group," , and takes the form

V(! ) =
" 4

cud

!

1 ! 4cud sin2
"

!
f a

#
. (1)

In the case of the QCD axion" " 200 MeV and cud "
mu md/ (mu + md)2 " 0.2. In addition to the self cou-
plings, coupling to gravity, and the anomaly-induced cou-
pling to QCD (or QCD-like group), the axion may have
model-dependent couplings to other SM gauge bosons
and fermions. We focus here on the self and gravitational
couplings only, which can already lead to interesting dy-
namics such as axinovae.

A. Axion Minihalos

In the post-inßationary scenario, the present-day Uni-
verse contains a large number of patches which were
causally disconnected at the time of QCD phase tran-
sition. In each causally disconnected patch of the Uni-
verse, axion Þeld values are uncorrelated. Once the ax-
ion acquires a mass, and Hubble friction is small enough,
the axion behaves as cold dark matter and isocurvature
ßuctuations are present in the matter density. When
the Universe becomes matter dominated this small-scale
structure will start to collapse under gravity, leading to
axion minihalos. Furthermore, there may be large over-
densities of axions at even smaller scales arising from
the evolution of the network of axion strings and domain
walls [7] set up when the PQ symmetry breaks. Even
for the much studied case of the QCD axion, there is
controversy [8Ð22] as to what fraction of the relic dark
matter axions arise from misalignment or from the de-
cay of topological defects. Along with those topological
defects, objects called oscillons or axitons that can con-
tribute to the small scale overdensities will form after the
axion accquires its mass [14, 15]. Those objects can form
when the axion self-interaction dominates over the Hub-
ble expansion term, which is easily satisÞed in the early
Universe when the self-interaction is strong due to the
high density. As the axion density drops, the formation
of oscillons will be turned o! and oscillons themselves
will dissipate via emitting relativistic axions.

It is worth noting that the post-inßationary scenario is
not essential for the axinovae. Any matter power spec-
trum which is enhanced at small scales can lead to the
formation of axion minihalos around matter-radiation
equality, but the post-inßationary scenario is a minimal
realisation. We take a simple ansatz for the spectrum
of initial ßuctuations in the axion Þeld, namely that the
spectrum of isocurvature ßuctuations in the axion Þeld

follow a white-noise spectrum, cut o! at small scalesi.e.

"#a

#a
= A0

"
k
k0

# 3

# (k0 ! k) . (2)

Here k0 " aoscHoscis the (comoving) wavenumber deter-
mined by the horizon size at the time the axion starts to
oscillate, i.e. ma(Tosc) # 3Hosc. While here we consider
a pure white noise spectrum we extend this analysis to a
more general power law spectrum in Appendix C. In real-
ity one would expect a softening of the cuto! in the white
noise power spectrum at small scales. The exact details
of how this occurs is related to the dynamics of string net-
work and axitons, and is unknown. It will not a ! ect our
conclusions, see Appendix C for details. As mentioned
above, the contribution of strings and domain walls to
the abundance of non-relativistic axions is uncertain and
will impact the size of the power spectrum. Simulations
typically show the density perturbations have A0 # 0.1
at k = aoscHosc, but they also show larger sub-horizon
(larger k) ßuctuations. These sub-horizon ßuctuations
can collapse earlier than those at the horizon scale, lead-
ing to high concentration minihalos. These halos are at
smaller scales,k $ aoscHosc, and have larger"#a/ #a and
lower axion speeds in the mini-halos, resulting in a faster
star growth rate. We take the conservative limit of hold-
ing k0 = Hosc as the scale at whichA0 = 1. With this
white noise power spectrum (2) the Þrst structures, of
massM 0, form at redshift zc " A1/ 2

0 zeq and the charac-
teristic structure mass, deÞned as the peak in the distri-
bution Mdn/d logM , occurs at

M peak (z) = M 0

"
1 + zc

1 + z

# 2

. (3)

Where

M 0 = 6$2#0

"
1
k0

# 3

, (4)

is the co-moving mass in the horizon at the time the axion
starts to roll and #0 is the present-day cosmological axion
density. The minihalos have a distribution of masses but
for simplicity we use the characteristic massM peak to
provide a measure of the overall behavior.

The growth continues till around z # 10 ! 20 when
the minihalos merge into standard CDM halos and their
growth stalls [23].

We take the minihalos to have an NFW [24] density
proÞle, deÞned by a scale radiusr s and density #s,

#(r ) =
#s

r
r s

$
1 + r

r s

%2 . (5)

At the scale radius the circular speed is given by

v2
s = 4$GN #sr 2

s (log 4 ! 1) . (6)

This speed will be relevant for the calculation of ax-
ion star formation rate, and in the minihalos that will

Horizon size 
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In the scenario of axinovae, the decay of dark matter
occurs when axion miniclusters start to form, which is
always after matter-radiation equality. To avoid the con-
straint of (16) requires either that the formation rate of
axion stars is too small to be cosmologically relevant or
that the formed axion star mass is smaller than the crit-
ical mass so there are no axinovae. Note that this bound
does not rely upon there being a coupling to any SM
particles e.g. photons, gluons, or SM fermions. However,
our constraints do rely on the assumption that axions
do make up the dark matter relic abundance and that
the ßuctuations in the axion Þeld are isocurvature in na-
ture and approximately power law. If axions make up
a fraction of the dark matter, this can be encoded as a
reduction of ! , see (14), and a corresponding weakening
of the bounds.

For normal misalignment production of axions, where
h" 2i ⇡ 4 [41], the typical initial halos that form have a
mass that depends upon the horizon size when the ax-
ion starts to oscillate ma(Tosc) = 3 H (Tosc)/ 2. For the
QCD axion, where the temperature dependence of the
axion mass is known, this oscillation time is uniquely
determined. However, in more general axion scenar-
ios the oscillation temperature, and thereforeM 0, is a
free parameter. In the radiation dominated eraH (T) =
# (8#g! (T)/ 90)1/ 2 T2/M P l and the halos form with mass,

M h =
4#
3

!
1

a(Tosc)H (Tosc)

" 3

$0 ⇡ 2⇥108M "

!
keV
Tosc

" 3

.

(17)
The existence of DM structure down to small scales re-
quires that the axions behave as dark matter by the
time the temperature of the Universe is ⇠ keV, i.e.
Tosc >

⇠ 1 keV. Thus, there is an upper bound on the initial
halo mass. More sophisticated analysis of the constraints
on the axion isocurvature power spectrum at small scales
can be found in Ref. [42].

Going forward we will assume that the axion makes up
a sizable fraction of the dark matter abundance and place
a bound on its self-coupling, equivalently f a, through
recurrent axinova. There are four parameters that de-
termine the amount of axion dark matter that is con-
verted to dark radiation: the axion mass ma, the axion
self coupling %which in simple models is determined by
the decay constantf a, the structure massM 0 (or equiv-
alently M peak (zc)), and the red-shift at which minihalos
Þrst form zc. Numerical simulations [14, 15] indicate that
the white noise spectrum has large amplitude at small
scalesA0 ⇠ O(1) and thus minihalos form as early as
possiblezc ⇠ zeq, with mass given by (17).

As times evolves, the characteristic mass grows as
M h ⇠ (1 + z)# 2 as minihalos merge with each other.
Since a characteristic mass halo has concentrationc ⇡ 4
its scale radius and density vary with redshift as r s ⇠

(1 + z)# 5/ 3, $s ⇠ (1 + z)3 and consequently the speed at
the scale radius depends on redshift asvs ⇠ (1 + z)# 1/ 6.
From Eqs. (10) and (11) this implies that the time scales
for collapse scale as&gr ⇠ (1 + z)# 7, &self ⇠ (1 + z)# 19/ 3.

This rapid lengthening of the axion star formation time
as the Universe ages means that the dominant DM mass
loss occurs as soon as the minihalo mass is larger than the
critical star mass, and the earlier that occurs the greater
the fraction lost. More precisely, assumingtcrit is in the
power law regime, the decay rate for halos of massM 0

which initially form at redshift zc is,

df decay
dz

⇠ 76500#2/ 3!
M 3

pl $
2
col

M 0f 5
a m4

a

!
1 + z
1 + zc

" 8 1
(1 + z)5/ 2H0

⇥

#

$1 + 75#4/ 3

%
f a

M 1/ 3
0 $1/ 6

col

& 4 !
1 + z
1 + zc

" 2/ 3
'

(

⇥

!
M !

M max
!

" ! # 2

! (M peak (z) � M max
! ) ,

(18)

where we have suppressed the logarithmic corrections to
the Rutherford cross section in (10), takenb = d = 1,
and $col = (1 + zc)3$0 is the background density at the
time of initial collapse.

The from of (18) makes clear that the rate is peaked
to early redshift and this rate is enhanced by decreasing
both ma and f a. If the timescale for scattering is set by
self interactions, i.e. f a <

⇠ M 1/ 3
0 $1/ 6

0 , then along curves

where f a ⇠ m# 4/ 5
a the decay rate is constant. Further-

more, for any choice of parameters there is a maximalf a
above which there is not enough time to form a critical
mass star in a minihalo. This leads to a region, bounded
from below (above), in ma � f a (ma � f # 1

a ) space which
is constrained by the cosmological data discussed above
(14).

In Fig. 1, we plot the region that is constrained by
the axinovae, for various assumptions. The gray regions
are excluded by black hole superradiance constraints [43Ð
46]. The most conservative (weakest) constraint, shown
in green, comes from assuming that the oscillation tem-
perature is low and that the time to reach a critical star
is given by (13). Over most of the green region the crit-
ical star mass is low and the growth (d logM/dt ) is still
in the constant regime. Given constraints on large scale
structure we take the lowest possible oscillation tempera-
ture to ⇠ 1 keV. The later an axion starts oscillating the
larger the mass of the initial axion miniclusters, which
leads to a longer axion star production time&, suppress-
ing the resulting appearance of axinova.

In the red region we again assume the lowest possible
oscillation but now assume that the star growth is power
law, M ⇠ $sr 3s (t/ &)2/ 3, for all star masses, as discussed in
Appendix B. At masses below$sr 3s the power law predicts
faster growth than the constant growth assumed in (13)
and the green region. This makes the bound stronger.
For f a >

⇠ 1015GeV the axion star critical mass is larger
than where exponential growth transitions to power law
in the green and the two constraints coincide.

Finally, the blue region is the strongest constraint
and is found by optimizing over the oscillation temper-
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In the scenario of axinovae, the decay of dark matter
occurs when axion miniclusters start to form, which is
always after matter-radiation equality. To avoid the con-
straint of (16) requires either that the formation rate of
axion stars is too small to be cosmologically relevant or
that the formed axion star mass is smaller than the crit-
ical mass so there are no axinovae. Note that this bound
does not rely upon there being a coupling to any SM
particles e.g. photons, gluons, or SM fermions. However,
our constraints do rely on the assumption that axions
do make up the dark matter relic abundance and that
the ßuctuations in the axion Þeld are isocurvature in na-
ture and approximately power law. If axions make up
a fraction of the dark matter, this can be encoded as a
reduction of ! , see (14), and a corresponding weakening
of the bounds.

For normal misalignment production of axions, where
h" 2i ⇡ 4 [41], the typical initial halos that form have a
mass that depends upon the horizon size when the ax-
ion starts to oscillate ma(Tosc) = 3 H (Tosc)/ 2. For the
QCD axion, where the temperature dependence of the
axion mass is known, this oscillation time is uniquely
determined. However, in more general axion scenar-
ios the oscillation temperature, and thereforeM 0, is a
free parameter. In the radiation dominated eraH (T) =
# (8#g! (T)/ 90)1/ 2 T2/M P l and the halos form with mass,

M h =
4#
3
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1

a(Tosc)H (Tosc)

" 3

$0 ⇡ 2⇥108M "

!
keV
Tosc

" 3

.

(17)
The existence of DM structure down to small scales re-
quires that the axions behave as dark matter by the
time the temperature of the Universe is ⇠ keV, i.e.
Tosc >

⇠ 1 keV. Thus, there is an upper bound on the initial
halo mass. More sophisticated analysis of the constraints
on the axion isocurvature power spectrum at small scales
can be found in Ref. [42].

Going forward we will assume that the axion makes up
a sizable fraction of the dark matter abundance and place
a bound on its self-coupling, equivalently f a, through
recurrent axinova. There are four parameters that de-
termine the amount of axion dark matter that is con-
verted to dark radiation: the axion mass ma, the axion
self coupling %which in simple models is determined by
the decay constantf a, the structure massM 0 (or equiv-
alently M peak (zc)), and the red-shift at which minihalos
Þrst form zc. Numerical simulations [14, 15] indicate that
the white noise spectrum has large amplitude at small
scalesA0 ⇠ O(1) and thus minihalos form as early as
possiblezc ⇠ zeq, with mass given by (17).

As times evolves, the characteristic mass grows as
M h ⇠ (1 + z)# 2 as minihalos merge with each other.
Since a characteristic mass halo has concentrationc ⇡ 4
its scale radius and density vary with redshift as r s ⇠

(1 + z)# 5/ 3, $s ⇠ (1 + z)3 and consequently the speed at
the scale radius depends on redshift asvs ⇠ (1 + z)# 1/ 6.
From Eqs. (10) and (11) this implies that the time scales
for collapse scale as&gr ⇠ (1 + z)# 7, &self ⇠ (1 + z)# 19/ 3.

This rapid lengthening of the axion star formation time
as the Universe ages means that the dominant DM mass
loss occurs as soon as the minihalo mass is larger than the
critical star mass, and the earlier that occurs the greater
the fraction lost. More precisely, assumingtcrit is in the
power law regime, the decay rate for halos of massM 0

which initially form at redshift zc is,

df decay
dz

⇠ 76500#2/ 3!
M 3
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M 0f 5
a m4
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!
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1 + zc

" 8 1
(1 + z)5/ 2H0

⇥

#

$1 + 75#4/ 3

%
f a

M 1/ 3
0 $1/ 6

col

& 4 !
1 + z
1 + zc

" 2/ 3
'

(

⇥

!
M !

M max
!

" ! # 2

! (M peak (z) � M max
! ) ,

(18)

where we have suppressed the logarithmic corrections to
the Rutherford cross section in (10), takenb = d = 1,
and $col = (1 + zc)3$0 is the background density at the
time of initial collapse.

The from of (18) makes clear that the rate is peaked
to early redshift and this rate is enhanced by decreasing
both ma and f a. If the timescale for scattering is set by
self interactions, i.e. f a <

⇠ M 1/ 3
0 $1/ 6

0 , then along curves

where f a ⇠ m# 4/ 5
a the decay rate is constant. Further-

more, for any choice of parameters there is a maximalf a
above which there is not enough time to form a critical
mass star in a minihalo. This leads to a region, bounded
from below (above), in ma � f a (ma � f # 1

a ) space which
is constrained by the cosmological data discussed above
(14).

In Fig. 1, we plot the region that is constrained by
the axinovae, for various assumptions. The gray regions
are excluded by black hole superradiance constraints [43Ð
46]. The most conservative (weakest) constraint, shown
in green, comes from assuming that the oscillation tem-
perature is low and that the time to reach a critical star
is given by (13). Over most of the green region the crit-
ical star mass is low and the growth (d logM/dt ) is still
in the constant regime. Given constraints on large scale
structure we take the lowest possible oscillation tempera-
ture to ⇠ 1 keV. The later an axion starts oscillating the
larger the mass of the initial axion miniclusters, which
leads to a longer axion star production time&, suppress-
ing the resulting appearance of axinova.

In the red region we again assume the lowest possible
oscillation but now assume that the star growth is power
law, M ⇠ $sr 3s (t/ &)2/ 3, for all star masses, as discussed in
Appendix B. At masses below$sr 3s the power law predicts
faster growth than the constant growth assumed in (13)
and the green region. This makes the bound stronger.
For f a >

⇠ 1015GeV the axion star critical mass is larger
than where exponential growth transitions to power law
in the green and the two constraints coincide.

Finally, the blue region is the strongest constraint
and is found by optimizing over the oscillation temper-
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smaller velocity. If a star is formed within a small radius, the mass contained in this region is small. Therefore, lighter
objects always start to form with a greater rate. For an NFW profile, the mass contained within r is

M(r)|r ! 0 = 4!" sr
3
s

✓
ln

✓
1 +

r

rs

◆
!

r

r + rs

◆
" 2!" srsr

2
. (B1)

The formation timescale given by self-interactions is #self # v
2
/" 2. At small radius of an NFW halo, the density and

velocity scale as " # 1/r and v #
$
r. Therefore, M(t) # t

2/ 3. Similarly, if the gravity dominates the axion star
formation, #gr # v

6
/" 2 # r

5 at small radius and we obtain the mass growth power law M(t) # t
2/ 5. Since this scaling

is active at short distance scales within the minihalo we consider a scenario where $ = 3/2 at all axion star masses,
see Fig. 1.

Appendix C: Press-Schechter with White Noise-like Power at Short Distances

We consider the density perturbations, %% %"/" , to consist of two contributions, conventional ! CDM adiabatic
perturbations that are present at all scales and isocurvature perturbations which are only become important over
a finite range of scales. We take the isocurvature contribution to be a power low with a cut-o" at very small
scales, corresponding to a wavenumber k0. For the case of the axion it is believed the short-scale behavior has a
power spectrum that is approximately that of white noise, corresponding to n = 3 below. Modes from these two
contributions have di" erent growth behaviors after they enter the horizon, in particular the adiabatic perturbations
have logarithmic growth until matter-radiation equality while the isocurvature modes do not. At late times, in the
matter dominated era, they have similar growth. Taking into account these di" erent growth behaviors the two-point
function of the density perturbations is

&%2' =
2! 2

k3
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2
adi I

2
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2
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✓
k

ks

◆n s " 1

+D
2
iso A0

✓
k

k0

◆n

# (k0 ! k)

!
. (C1)

For a ! CDM-like power spectrum As " 2 ( 10" 9, ns " 0.97, and the pivot scale is ks = 5 ( 10" 3 Mpc" 1. At late
times Dadi " Diso " a/aeq = (1 + zeq)/(1 + z) and the exact forms can be found in standard references e.g. [59, 60].
The constant I1 " 9.1 and L " log(0.1aeq/a).

The Press-Schechter formalism assumes spherical collapse of over-densities and that the probability for these col-
lapses follows a Gaussian distribution whose variance, smoothed at some scale R, is given by

&2(z,R) =

Z
d
3
k

(2! )3
&%2'

���fW (kR)
���
2
, (C2)

where fW (kR) is the window function and can take various forms. Here we focus on the so-called sharp k-filter where
fW (z) = # (1 ! z). For this choice of window function there is not a well defined mass, M , associated with the

co-moving filter scale R, since the real space form of fW does not have local support [61]. However, we will follow the
oft-used relation M = 6! 2" 0R

3 [62], where " 0 is the present day cosmological axion density. Note that for (C2) to be
well defined we have to introduce an IR cut-o" kIR and we define M0 = 6! 2" 0k

" 3
0 . We are typically interested in halo

masses and formation redshifts where the adiabatic perturbations are subdominant to the isocurvature perturbations,
As ) A0. In this regime, once structures can form i.e. z < zeq, the variance has the simple form

&2(z,M) *
✓
1 + zeq

1 + z

◆2
A0

n
(

(
1 M + M0�M 0

M

�n/ 3
M > M0

. (C3)

In the Press-Schechter approach the halo mass function is related to the probability to find %> %c " 1.686, with
the fraction of matter in objects of mass M given by

df

dM
=

r
2

!
%c

M&

����
d log&
d logM

���� e
" �2

c / �2
. (C4)

The exponential suppression means that the most massive objects, with mass Mpeak , to have formed are those for
which &(z,Mpeak ) = %c. If the isocurvature perturbations were large enough, A0 > n%c, these objects would form at
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smaller velocity. If a star is formed within a small radius, the mass contained in this region is small. Therefore, lighter
objects always start to form with a greater rate. For an NFW proÞle, the mass contained withinr is

M (r)|r!0 = 4⇡⇢sr3s

!
ln

!
1 +

r
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"
!
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" 2⇡⇢srsr2. (B1)

The formation timescale given by self-interactions is⌧self # v
2
/⇢

2. At small radius of an NFW halo, the density and
velocity scale as⇢ # 1/r and v #

$
r. Therefore, M (t) # t

2/3. Similarly, if the gravity dominates the axion star
formation, ⌧gr # v

6
/⇢

2 # r
5 at small radius and we obtain the mass growth power lawM (t) # t

2/5. Since this scaling
is active at short distance scales within the minihalo we consider a scenario where↵ = 3/2 at all axion star masses,
see Fig. 1.

Appendix C: Press-Schechter with White Noise-like Power at Short Distances

We consider the density perturbations, � % �⇢/⇢, to consist of two contributions, conventional ! CDM adiabatic
perturbations that are present at all scales and isocurvature perturbations which are only become important over
a Þnite range of scales. We take the isocurvature contribution to be a power low with a cut-o" at very small
scales, corresponding to a wavenumberk0. For the case of the axion it is believed the short-scale behavior has a
power spectrum that is approximately that of white noise, corresponding ton = 3 below. Modes from these two
contributions have di" erent growth behaviors after they enter the horizon, in particular the adiabatic perturbations
have logarithmic growth until matter-radiation equality while the isocurvature modes do not. At late times, in the
matter dominated era, they have similar growth. Taking into account these di" erent growth behaviors the two-point
function of the density perturbations is
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For a ! CDM-like power spectrum As " 2 ( 10�9, ns " 0.97, and the pivot scale isks = 5 ( 10�3 Mpc�1. At late
times Dadi " Diso " a/aeq = (1 + zeq)/(1 + z) and the exact forms can be found in standard referencese.g. [59, 60].
The constant I1 " 9.1 and L " log(0.1aeq/a).

The Press-Schechter formalism assumes spherical collapse of over-densities and that the probability for these col-
lapses follows a Gaussian distribution whose variance, smoothed at some scaleR, is given by
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where 'W (kR) is the window function and can take various forms. Here we focus on the so-called sharpk-Þlter where
'W (z) = # (1 ! z). For this choice of window function there is not a well deÞned mass,M , associated with the
co-moving Þlter scaleR, since the real space form of'W does not have local support [61]. However, we will follow the
oft-used relation M = 6⇡2

⇢0R
3 [62], where⇢0 is the present day cosmological axion density. Note that for (C2) to be

well deÞned we have to introduce an IR cut-o" kIR and we deÞneM0 = 6⇡2
⇢0k

�3
0 . We are typically interested in halo

masses and formation redshifts where the adiabatic perturbations are subdominant to the isocurvature perturbations,
As ) A0. In this regime, once structures can formi.e. z < zeq, the variance has the simple form
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In the Press-Schechter approach the halo mass function is related to the probability to Þnd� > �c " 1.686, with
the fraction of matter in objects of massM given by
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The exponential suppression means that the most massive objects, with massMpeak, to have formed are those for
which �(z,Mpeak) = �c. If the isocurvature perturbations were large enough,A0 > n�c, these objects would form atFirst halos form at 
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zeq. Instead, for more typical isocurvature perturbations of A0 ⇡ 0.1, the first halos to form are of mass M0 and they
form at

zc ⇡

!
A0

n

zeq

�c
, (C5)

and subsequently grow, with the peak mass of the halo mass function being

Mpeak = M0

"
1 + zc

1 + z

# 6/n

= M0

"
A0

�2cn

# 3/n "
1 + zeq

1 + z

# 6/n

. (C6)

Appendix D: Axion Relic Abundance from Misalignment

We consider the relic abundance from the misalignment mechanism for an axion coupled to a dark confining gauge
group “DarkQCD”, which is taken to be SU(NC ) with NF vector-like quarks. The temperature dependence of the
mass is understood in two limits. At low temperature the axion mass is independent of temperature and at high
temperature the dilute instanton gas approximation is valid, leading to a power law dependence. In between there
could be a first or second order transition or a smooth cross over depending on NF , NC [63, 64]. For simplicity we
take the temperature dependence mass to have the form

ma(T ) =

$
m0 T < Tc

m0

%Tc
T

&b
T � Tc

. (D1)

Here we take the critical temperature to be the same as the confinement scale of DarkQCD, Tc = ! =
p
m0fa . The

dilute instanton gas approximation gives b = (11NC +NF � 12)/6. Taking b large for temperatures in the vicinity
of Tc also approximates the form of a first order phase transition. After PQ symmetry breaking, and before the
instantons generate a potential for the axion, the misalignment angle ✓ = a/f has a flat potential and is free to take
on any initial value in each causal patch. The equation of motion for this angle is

✓̈ + 3H ✓̇ +m
2(T )✓ = 0 . (D2)

Assuming the cosmology is governed by a fluid with equation of state p = !⇢ (RD is ! = 1/3) then the scale factor

a ⇠ t
2

3(1+ ! ) and H = 2
3(1+! )t . Combining this with the fact that temperature redshifts with the scale factor, T ⇠ a

! 1,

(D2) becomes
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2
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"
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# 2b "
t
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# 4b
3(1+ ! )

✓ = 0 . (D3)

This equation can be solved exactly by noting that y = x
"
Jn (�x# ) with Jn the n-th Bessel function, satisfies the

equation

d
2
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2
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Thus, the solution to (D3) takes the form

"
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# 1! !
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m0 t

"
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Ti

# b 3(1 + !)
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(

. (D5)

Requiring that the argument of the Bessel function changes by an O(1) amount before oscillation is deemed to have
set in, and identifying various powers of t with H and ma(T ), the oscillation temperature is implicitly defined by

mosc ⇠
3 + 3! + 2b

2
Hosc . (D6)

Notice that for large b, an axion mass that rapidly changes from zero to m0 as can arise in a first order phase transition,
this is di" erent from the usual m ⇠ 3H/2 requirement since the rapid evolution of the axion mass provides its own
“friction”. From now on we consider the case of RD and thus mosc ⇠ (2+b)Hosc . We also consider the possibility that
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particles (ALPs) is broad. One common feature across
this landscape is that the axion,! , is a pseudo-Goldstone
boson of a globalU(1)P Q symmetry broken at a scale
f a. The U(1)P Q is anomalous under a conÞning gauge
group which means that the axionÕs potential is generated
through instanton e↵ects occurring at the compositeness
scale of the gauge group,⇤, and takes the form

V(! ) =
⇤4

cud

!

1 ! 4cud sin2
"

!
f a

#
. (1)

In the case of the QCD axion⇤ " 200 MeV and cud "
mu md/ (mu + md)2 " 0.2. In addition to the self cou-
plings, coupling to gravity, and the anomaly-induced cou-
pling to QCD (or QCD-like group), the axion may have
model-dependent couplings to other SM gauge bosons
and fermions. We focus here on the self and gravitational
couplings only, which can already lead to interesting dy-
namics such as axinovae.

A. Axion Minihalos

In the post-inßationary scenario, the present-day Uni-
verse contains a large number of patches which were
causally disconnected at the time of QCD phase tran-
sition. In each causally disconnected patch of the Uni-
verse, axion Þeld values are uncorrelated. Once the ax-
ion acquires a mass, and Hubble friction is small enough,
the axion behaves as cold dark matter and isocurvature
ßuctuations are present in the matter density. When
the Universe becomes matter dominated this small-scale
structure will start to collapse under gravity, leading to
axion minihalos. Furthermore, there may be large over-
densities of axions at even smaller scales arising from
the evolution of the network of axion strings and domain
walls [7] set up when the PQ symmetry breaks. Even
for the much studied case of the QCD axion, there is
controversy [8Ð22] as to what fraction of the relic dark
matter axions arise from misalignment or from the de-
cay of topological defects. Along with those topological
defects, objects called oscillons or axitons that can con-
tribute to the small scale overdensities will form after the
axion accquires its mass [14, 15]. Those objects can form
when the axion self-interaction dominates over the Hub-
ble expansion term, which is easily satisÞed in the early
Universe when the self-interaction is strong due to the
high density. As the axion density drops, the formation
of oscillons will be turned o↵ and oscillons themselves
will dissipate via emitting relativistic axions.

It is worth noting that the post-inßationary scenario is
not essential for the axinovae. Any matter power spec-
trum which is enhanced at small scales can lead to the
formation of axion minihalos around matter-radiation
equality, but the post-inßationary scenario is a minimal
realisation. We take a simple ansatz for the spectrum
of initial ßuctuations in the axion Þeld, namely that the
spectrum of isocurvature ßuctuations in the axion Þeld

follow a white-noise spectrum, cut o↵ at small scalesi.e.

"#a

#a
= A0

"
k
k0

# 3

⇥(k0 ! k) . (2)

Here k0 " aoscHoscis the (comoving) wavenumber deter-
mined by the horizon size at the time the axion starts to
oscillate, i.e. ma(Tosc) # 3Hosc. While here we consider
a pure white noise spectrum we extend this analysis to a
more general power law spectrum in Appendix C. In real-
ity one would expect a softening of the cuto↵ in the white
noise power spectrum at small scales. The exact details
of how this occurs is related to the dynamics of string net-
work and axitons, and is unknown. It will not a↵ect our
conclusions, see Appendix C for details. As mentioned
above, the contribution of strings and domain walls to
the abundance of non-relativistic axions is uncertain and
will impact the size of the power spectrum. Simulations
typically show the density perturbations have A0 # 0.1
at k = aoscHosc, but they also show larger sub-horizon
(larger k) ßuctuations. These sub-horizon ßuctuations
can collapse earlier than those at the horizon scale, lead-
ing to high concentration minihalos. These halos are at
smaller scales,k $ aoscHosc, and have larger"#a/ #a and
lower axion speeds in the mini-halos, resulting in a faster
star growth rate. We take the conservative limit of hold-
ing k0 = Hosc as the scale at whichA0 = 1. With this
white noise power spectrum (2) the Þrst structures, of
massM 0, form at redshift zc " A1/ 2

0 zeq and the charac-
teristic structure mass, deÞned as the peak in the distri-
bution Mdn/d logM , occurs at

M peak (z) = M 0

"
1 + zc

1 + z

# 2

. (3)

Where

M 0 = 6$2#0

"
1
k0

# 3

, (4)

is the co-moving mass in the horizon at the time the axion
starts to roll and #0 is the present-day cosmological axion
density. The minihalos have a distribution of masses but
for simplicity we use the characteristic massM peak to
provide a measure of the overall behavior.

The growth continues till around z # 10 ! 20 when
the minihalos merge into standard CDM halos and their
growth stalls [23].

We take the minihalos to have an NFW [24] density
proÞle, deÞned by a scale radiusr s and density #s,

#(r ) =
#s

r
r s

$
1 + r

r s

%2 . (5)

At the scale radius the circular speed is given by

v2
s = 4$GN #sr 2

s (log 4 ! 1) . (6)

This speed will be relevant for the calculation of ax-
ion star formation rate, and in the minihalos that will
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particles (ALPs) is broad. One common feature across
this landscape is that the axion,! , is a pseudo-Goldstone
boson of a globalU(1)P Q symmetry broken at a scale
f a. The U(1)P Q is anomalous under a conÞning gauge
group which means that the axionÕs potential is generated
through instanton e↵ects occurring at the compositeness
scale of the gauge group,⇤, and takes the form

V(! ) =
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cud
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1 ! 4cud sin2
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f a
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. (1)

In the case of the QCD axion⇤ " 200 MeV and cud "
mu md/ (mu + md)2 " 0.2. In addition to the self cou-
plings, coupling to gravity, and the anomaly-induced cou-
pling to QCD (or QCD-like group), the axion may have
model-dependent couplings to other SM gauge bosons
and fermions. We focus here on the self and gravitational
couplings only, which can already lead to interesting dy-
namics such as axinovae.

A. Axion Minihalos

In the post-inßationary scenario, the present-day Uni-
verse contains a large number of patches which were
causally disconnected at the time of QCD phase tran-
sition. In each causally disconnected patch of the Uni-
verse, axion Þeld values are uncorrelated. Once the ax-
ion acquires a mass, and Hubble friction is small enough,
the axion behaves as cold dark matter and isocurvature
ßuctuations are present in the matter density. When
the Universe becomes matter dominated this small-scale
structure will start to collapse under gravity, leading to
axion minihalos. Furthermore, there may be large over-
densities of axions at even smaller scales arising from
the evolution of the network of axion strings and domain
walls [7] set up when the PQ symmetry breaks. Even
for the much studied case of the QCD axion, there is
controversy [8Ð22] as to what fraction of the relic dark
matter axions arise from misalignment or from the de-
cay of topological defects. Along with those topological
defects, objects called oscillons or axitons that can con-
tribute to the small scale overdensities will form after the
axion accquires its mass [14, 15]. Those objects can form
when the axion self-interaction dominates over the Hub-
ble expansion term, which is easily satisÞed in the early
Universe when the self-interaction is strong due to the
high density. As the axion density drops, the formation
of oscillons will be turned o↵ and oscillons themselves
will dissipate via emitting relativistic axions.

It is worth noting that the post-inßationary scenario is
not essential for the axinovae. Any matter power spec-
trum which is enhanced at small scales can lead to the
formation of axion minihalos around matter-radiation
equality, but the post-inßationary scenario is a minimal
realisation. We take a simple ansatz for the spectrum
of initial ßuctuations in the axion Þeld, namely that the
spectrum of isocurvature ßuctuations in the axion Þeld

follow a white-noise spectrum, cut o↵ at small scalesi.e.
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Here k0 " aoscHoscis the (comoving) wavenumber deter-
mined by the horizon size at the time the axion starts to
oscillate, i.e. ma(Tosc) # 3Hosc. While here we consider
a pure white noise spectrum we extend this analysis to a
more general power law spectrum in Appendix C. In real-
ity one would expect a softening of the cuto↵ in the white
noise power spectrum at small scales. The exact details
of how this occurs is related to the dynamics of string net-
work and axitons, and is unknown. It will not a↵ect our
conclusions, see Appendix C for details. As mentioned
above, the contribution of strings and domain walls to
the abundance of non-relativistic axions is uncertain and
will impact the size of the power spectrum. Simulations
typically show the density perturbations have A0 # 0.1
at k = aoscHosc, but they also show larger sub-horizon
(larger k) ßuctuations. These sub-horizon ßuctuations
can collapse earlier than those at the horizon scale, lead-
ing to high concentration minihalos. These halos are at
smaller scales,k $ aoscHosc, and have larger"#a/ #a and
lower axion speeds in the mini-halos, resulting in a faster
star growth rate. We take the conservative limit of hold-
ing k0 = Hosc as the scale at whichA0 = 1. With this
white noise power spectrum (2) the Þrst structures, of
massM 0, form at redshift zc " A1/ 2

0 zeq and the charac-
teristic structure mass, deÞned as the peak in the distri-
bution Mdn/d logM , occurs at

M peak (z) = M 0
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Where

M 0 = 6$2#0
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is the co-moving mass in the horizon at the time the axion
starts to roll and #0 is the present-day cosmological axion
density. The minihalos have a distribution of masses but
for simplicity we use the characteristic massM peak to
provide a measure of the overall behavior.

The growth continues till around z # 10 ! 20 when
the minihalos merge into standard CDM halos and their
growth stalls [23].

We take the minihalos to have an NFW [24] density
proÞle, deÞned by a scale radiusr s and density #s,

#(r ) =
#s

r
r s

$
1 + r

r s

%2 . (5)

At the scale radius the circular speed is given by

v2
s = 4$GN #sr 2s (log 4 ! 1) . (6)

This speed will be relevant for the calculation of ax-
ion star formation rate, and in the minihalos that will
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certain mass will gain mass by gathering axions from the
halo. As observed in numerical simulations [27, 32] such
stars first appear after time ! and then proceed to grow.
The growth is initially fast (d logM/dt is constant) but
once the virial velocity of the minicluster falls below the
speed of the axions in the axion star the rate of growth
slows, d logM/dt becomes inversely proportional to (a
power of) the star mass [32] which results in the mass
growing with time as a power law. The characteristic
axion star mass where this change in behavior occurs is
obtained by equating the virial velocity of the minicluster
with that of the axion star [27, 28, 31–34] is

M ! ! 3" 1/ 6
a G" 1/ 2

N m" 1
a M 1/ 3

h , (12)

where M h is the halo mass. The behavior of the growth
rate once the axions in the star are moving faster than
those in the halo is not definitively known, and there is
evidence that it may continue to evolve with star mass
[32]. This would result in the mass growing as a power
law with a running index. However, to simplify our anal-
ysis and to partially account for the numerical uncertain-
ties, we will use a single power law but consider a range of
possible powers. In particular, we parametrize the power-
law mass growth as M ! = M ! (t/ ! )1/ ↵ and vary # in the
range of 1 to 5. With initial exponential growth followed
by constant power law growth, the timescale to form an
axion star at critical mass M max

! depends in which regime
the critical mass falls. Thus,

tcrit = ! "

!
log

"
M ! /M max

!

#
+ 1, M max

! # M !

(M max
! / M ! )↵, M max

! > M !
.

(13)
The numerical simulations discussed above have

mostly been carried out assuming a homogenous gas of
axions as the initial background upon which an axion
star forms. For stars that form in minihalos the gas has
a density and velocity profile. In Appendix B we argue
that for an NFW profile the exponential growth is re-
placed with a power law, and the whole growth becomes
a single power law, with # = 3/ 2 when self interactions
dominate.

Given that the majority of the dark matter has col-
lapsed into axion minihalos with a characteristic mass
M peak (z), the total fraction of dark matter rest mass that
has been converted to kinetic energy per unit time can
be calculated as

df decay

dt
=

$ M max
!

M peak (z) tcrit
, (14)

where $ is the fraction of the axion star’s mass that is
converted to relativistic axions during axinovae. From
simulations of these processes [35], it is seen that ap-
proximately 50% of the star’s mass is lost during the
nova and of this about 20% is in the form of relativistic
axions, so $ ! 0.1. The time to reach a critical star given
in (13) assumes the star grows from an undistorted mini-
halo. After the first axinova there is a remanent of mass

$ 0.5M max
! already present and the time for this to grow

to M max
! is slightly shorter than for the first star. For the

power law considered here this correction is small and we
ignore it, assuming all subsequent stars take time tcrit to
explode.

III. COSMOLOGICAL CONSTRAINTS

A. The decay rate of axion stars

The process of forming axion stars which subsequently
become nova converts non-relativistic dark matter axions
into boosted (%$ O(few)) axions. The kinetic energy of
the outgoing axions will red-shift away after the scale fac-
tor has grown by $

%
%and thus the dark matter’s con-

tribution to the matter-energy budget is depleted. Here
we study the impact of the cumulative loss of mass in
the dark sector but it is possible that the temporary ex-
istence of a new relativistic species may lead to a mea-
surable e! ect on large-scale structure and is worthy of
future study.
This process is closely related to the scenario of de-

caying dark matter, which is well constrained by recent
cosmological data [36–38]. For dark matter which de-
cays after recombination, the decrease of the dark mat-
ter fraction will increase the angular diameter distance
to the last scattering surface over time. Furthermore,
the amount of CMB lensing is reduced due to a smaller
gravitational potential than expected. This scenario is
constrained by a combination of CMB [39] and, for very
long lived dark matter, SDSS [40] data. If the decay of
dark matter occurs well before recombination or even be-
fore matter-radiation equality, the primary e! ect of the
decaying dark matter is to enhance Ne! since the decay
products behave as dark radiation. In the short-lived sit-
uation the constraints are primarily from CMB measure-
ments. We will be interested in the long-lived case, and
in particular decays which occur after matter-radiation
equality but are no longer ongoing. The equivalent bound
[38] for decaying dark matter on the fraction of the initial
amount of dark matter that can decay is

f dDM &
" dDM

" dDM + " DM
# 2.62% (at 2&) . (15)

Although the cosmological evolution of the dark sectors
for decaying dark matter and axinovae are not identi-
cal they are similar and since the above constraint is in-
dependent of decaying dark matter lifetime over a wide
range of lifetimes we will use it to constrain axions. We
leave a more detailed numerical analysis, and an investi-
gation of other possible signals, for future work. Convert-
ing (15) to the case of axinova leads to the requirement
that

$ z=20

zc

dz
df decay

dz
# 2.62% . (16)
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certain mass will gain mass by gathering axions from the
halo. As observed in numerical simulations [27, 32] such
stars first appear after time ⌧ and then proceed to grow.
The growth is initially fast (d logM/dt is constant) but
once the virial velocity of the minicluster falls below the
speed of the axions in the axion star the rate of growth
slows, d logM/dt becomes inversely proportional to (a
power of) the star mass [32] which results in the mass
growing with time as a power law. The characteristic
axion star mass where this change in behavior occurs is
obtained by equating the virial velocity of the minicluster
with that of the axion star [27, 28, 31–34] is
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�1
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where Mh is the halo mass. The behavior of the growth
rate once the axions in the star are moving faster than
those in the halo is not definitively known, and there is
evidence that it may continue to evolve with star mass
[32]. This would result in the mass growing as a power
law with a running index. However, to simplify our anal-
ysis and to partially account for the numerical uncertain-
ties, we will use a single power law but consider a range of
possible powers. In particular, we parametrize the power-
law mass growth as M⇤ = M⇤ (t/⌧)1/ ! and vary ↵ in the
range of 1 to 5. With initial exponential growth followed
by constant power law growth, the timescale to form an
axion star at critical massMmax

⇤ depends in which regime
the critical mass falls. Thus,
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!
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"
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max
⇤
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max
⇤ # M⇤
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max
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The numerical simulations discussed above have

mostly been carried out assuming a homogenous gas of
axions as the initial background upon which an axion
star forms. For stars that form in minihalos the gas has
a density and velocity profile. In Appendix B we argue
that for an NFW profile the exponential growth is re-
placed with a power law, and the whole growth becomes
a single power law, with ↵ = 3/2 when self interactions
dominate.

Given that the majority of the dark matter has col-
lapsed into axion minihalos with a characteristic mass
Mpeak (z), the total fraction of dark matter rest mass that
has been converted to kinetic energy per unit time can
be calculated as

dfdecay

dt
=

M
max
⇤

Mpeak (z) tcrit
, (14)

where  is the fraction of the axion star’s mass that is
converted to relativistic axions during axinovae. From
simulations of these processes [35], it is seen that ap-
proximately 50% of the star’s mass is lost during the
nova and of this about 20% is in the form of relativistic
axions, so  ! 0.1. The time to reach a critical star given
in (13) assumes the star grows from an undistorted mini-
halo. After the first axinova there is a remanent of mass

$ 0.5Mmax
⇤ already present and the time for this to grow

to M
max
⇤ is slightly shorter than for the first star. For the

power law considered here this correction is small and we
ignore it, assuming all subsequent stars take time tcrit to
explode.

III. COSMOLOGICAL CONSTRAINTS

A. The decay rate of axion stars

The process of forming axion stars which subsequently
become nova converts non-relativistic dark matter axions
into boosted (� $ O(few)) axions. The kinetic energy of
the outgoing axions will red-shift away after the scale fac-
tor has grown by $

%
� and thus the dark matter’s con-

tribution to the matter-energy budget is depleted. Here
we study the impact of the cumulative loss of mass in
the dark sector but it is possible that the temporary ex-
istence of a new relativistic species may lead to a mea-
surable e! ect on large-scale structure and is worthy of
future study.
This process is closely related to the scenario of de-

caying dark matter, which is well constrained by recent
cosmological data [36–38]. For dark matter which de-
cays after recombination, the decrease of the dark mat-
ter fraction will increase the angular diameter distance
to the last scattering surface over time. Furthermore,
the amount of CMB lensing is reduced due to a smaller
gravitational potential than expected. This scenario is
constrained by a combination of CMB [39] and, for very
long lived dark matter, SDSS [40] data. If the decay of
dark matter occurs well before recombination or even be-
fore matter-radiation equality, the primary e! ect of the
decaying dark matter is to enhance Ne! since the decay
products behave as dark radiation. In the short-lived sit-
uation the constraints are primarily from CMB measure-
ments. We will be interested in the long-lived case, and
in particular decays which occur after matter-radiation
equality but are no longer ongoing. The equivalent bound
[38] for decaying dark matter on the fraction of the initial
amount of dark matter that can decay is

fdDM &
" dDM

" dDM + " DM
# 2.62% (at 2�) . (15)

Although the cosmological evolution of the dark sectors
for decaying dark matter and axinovae are not identi-
cal they are similar and since the above constraint is in-
dependent of decaying dark matter lifetime over a wide
range of lifetimes we will use it to constrain axions. We
leave a more detailed numerical analysis, and an investi-
gation of other possible signals, for future work. Convert-
ing (15) to the case of axinova leads to the requirement
that

$ z=20

zc

dz
dfdecay

dz
# 2.62% . (16)

Figure 10 : The soliton growth/evaporation rate as function of kgr s Ñ the product of the gas
momentum and the soliton half-density radius. The cumulative dependence is constructed
using 3900 data points extracted from 195 independent simulations with di! erent gas and
soliton parameters. The data are binned on logarithmic scale inkgr s. Each dot gives the
average value of the growth rate in the bin, while the vertical error bars correspond to the
standard deviation within the bin. The blue solid line shows the asymptotic dependence pre-
dicted by eq. (3.23). At small kgr s the dotted lines indicate possible power-law dependences.
The dashed vertical line marks the value ofkgr s corresponding to the equality of the gas and
soliton virial temperatures, Tg/T s = 1 .

kgr s ! 2.5 which is in reasonable agreement with the naive estimate (3.25). In terms of the
gas and soliton virial temperatures, it corresponds toTg/T s " 12.

For lower kgr s the soliton grows. The growth rate stays almost constant in the range
0.7 < k gr s < 2 where it is comparable to the inverse of the gas relaxation time! ! 1

rel , see
eq. (2.19). The lower end of the plateau corresponds to the equality of the gas and soliton
virial temperatures, Tg/T s = 1 , which is marked by the dashed vertical line in Þg.10.

At kgr s < 0.7 (equivalently Tg/T s < 1) the growth rate quickly decreases. We Þnd that
this decrease is consistent with a power law

! s # (kgr s)n (4.16)

with n " 3 indicated by the dotted line in the plot. The points with the smallest values
of kgr s hint at a steepening dependence withn = 4 at kgr s $ 0, in agreement with the
analytic estimate (3.31). There are, however, several caveats that prevent us from claiming
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particles (ALPs) is broad. One common feature across
this landscape is that the axion,! , is a pseudo-Goldstone
boson of a globalU(1)P Q symmetry broken at a scale
f a. The U(1)P Q is anomalous under a conÞning gauge
group which means that the axionÕs potential is generated
through instanton e↵ects occurring at the compositeness
scale of the gauge group,⇤, and takes the form

V(! ) =
⇤4

cud

!

1 ! 4cud sin2
"

!
f a

#
. (1)

In the case of the QCD axion⇤ " 200 MeV and cud "
mu md/ (mu + md)2 " 0.2. In addition to the self cou-
plings, coupling to gravity, and the anomaly-induced cou-
pling to QCD (or QCD-like group), the axion may have
model-dependent couplings to other SM gauge bosons
and fermions. We focus here on the self and gravitational
couplings only, which can already lead to interesting dy-
namics such as axinovae.

A. Axion Minihalos

In the post-inßationary scenario, the present-day Uni-
verse contains a large number of patches which were
causally disconnected at the time of QCD phase tran-
sition. In each causally disconnected patch of the Uni-
verse, axion Þeld values are uncorrelated. Once the ax-
ion acquires a mass, and Hubble friction is small enough,
the axion behaves as cold dark matter and isocurvature
ßuctuations are present in the matter density. When
the Universe becomes matter dominated this small-scale
structure will start to collapse under gravity, leading to
axion minihalos. Furthermore, there may be large over-
densities of axions at even smaller scales arising from
the evolution of the network of axion strings and domain
walls [7] set up when the PQ symmetry breaks. Even
for the much studied case of the QCD axion, there is
controversy [8Ð22] as to what fraction of the relic dark
matter axions arise from misalignment or from the de-
cay of topological defects. Along with those topological
defects, objects called oscillons or axitons that can con-
tribute to the small scale overdensities will form after the
axion accquires its mass [14, 15]. Those objects can form
when the axion self-interaction dominates over the Hub-
ble expansion term, which is easily satisÞed in the early
Universe when the self-interaction is strong due to the
high density. As the axion density drops, the formation
of oscillons will be turned o↵ and oscillons themselves
will dissipate via emitting relativistic axions.

It is worth noting that the post-inßationary scenario is
not essential for the axinovae. Any matter power spec-
trum which is enhanced at small scales can lead to the
formation of axion minihalos around matter-radiation
equality, but the post-inßationary scenario is a minimal
realisation. We take a simple ansatz for the spectrum
of initial ßuctuations in the axion Þeld, namely that the
spectrum of isocurvature ßuctuations in the axion Þeld

follow a white-noise spectrum, cut o↵ at small scalesi.e.

"#a

#a
= A0

"
k
k0

# 3

⇥(k0 ! k) . (2)

Here k0 " aoscHoscis the (comoving) wavenumber deter-
mined by the horizon size at the time the axion starts to
oscillate, i.e. ma(Tosc) # 3Hosc. While here we consider
a pure white noise spectrum we extend this analysis to a
more general power law spectrum in Appendix C. In real-
ity one would expect a softening of the cuto↵ in the white
noise power spectrum at small scales. The exact details
of how this occurs is related to the dynamics of string net-
work and axitons, and is unknown. It will not a↵ect our
conclusions, see Appendix C for details. As mentioned
above, the contribution of strings and domain walls to
the abundance of non-relativistic axions is uncertain and
will impact the size of the power spectrum. Simulations
typically show the density perturbations have A0 # 0.1
at k = aoscHosc, but they also show larger sub-horizon
(larger k) ßuctuations. These sub-horizon ßuctuations
can collapse earlier than those at the horizon scale, lead-
ing to high concentration minihalos. These halos are at
smaller scales,k $ aoscHosc, and have larger"#a/ #a and
lower axion speeds in the mini-halos, resulting in a faster
star growth rate. We take the conservative limit of hold-
ing k0 = Hosc as the scale at whichA0 = 1. With this
white noise power spectrum (2) the Þrst structures, of
massM 0, form at redshift zc " A1/ 2

0 zeq and the charac-
teristic structure mass, deÞned as the peak in the distri-
bution Mdn/d logM , occurs at

M peak (z) = M 0

"
1 + zc

1 + z

# 2

. (3)

Where

M 0 = 6$2#0

"
1
k0

# 3

, (4)

is the co-moving mass in the horizon at the time the axion
starts to roll and #0 is the present-day cosmological axion
density. The minihalos have a distribution of masses but
for simplicity we use the characteristic massM peak to
provide a measure of the overall behavior.

The growth continues till around z # 10 ! 20 when
the minihalos merge into standard CDM halos and their
growth stalls [23].

We take the minihalos to have an NFW [24] density
proÞle, deÞned by a scale radiusr s and density #s,

#(r ) =
#s

r
r s

$
1 + r

r s

%2 . (5)

At the scale radius the circular speed is given by

v2
s = 4$GN #sr 2s (log 4 ! 1) . (6)

This speed will be relevant for the calculation of ax-
ion star formation rate, and in the minihalos that will
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certain mass will gain mass by gathering axions from the
halo. As observed in numerical simulations [27, 32] such
stars first appear after time ! and then proceed to grow.
The growth is initially fast (d logM/dt is constant) but
once the virial velocity of the minicluster falls below the
speed of the axions in the axion star the rate of growth
slows, d logM/dt becomes inversely proportional to (a
power of) the star mass [32] which results in the mass
growing with time as a power law. The characteristic
axion star mass where this change in behavior occurs is
obtained by equating the virial velocity of the minicluster
with that of the axion star [27, 28, 31–34] is

M ! ! 3" 1/ 6
a G" 1/ 2

N m" 1
a M 1/ 3

h , (12)

where M h is the halo mass. The behavior of the growth
rate once the axions in the star are moving faster than
those in the halo is not definitively known, and there is
evidence that it may continue to evolve with star mass
[32]. This would result in the mass growing as a power
law with a running index. However, to simplify our anal-
ysis and to partially account for the numerical uncertain-
ties, we will use a single power law but consider a range of
possible powers. In particular, we parametrize the power-
law mass growth as M ! = M ! (t/ ! )1/ ↵ and vary # in the
range of 1 to 5. With initial exponential growth followed
by constant power law growth, the timescale to form an
axion star at critical mass M max

! depends in which regime
the critical mass falls. Thus,

tcrit = ! "

!
log

"
M ! /M max

!

#
+ 1, M max

! # M !

(M max
! / M ! )↵, M max

! > M !
.

(13)
The numerical simulations discussed above have

mostly been carried out assuming a homogenous gas of
axions as the initial background upon which an axion
star forms. For stars that form in minihalos the gas has
a density and velocity profile. In Appendix B we argue
that for an NFW profile the exponential growth is re-
placed with a power law, and the whole growth becomes
a single power law, with # = 3/ 2 when self interactions
dominate.

Given that the majority of the dark matter has col-
lapsed into axion minihalos with a characteristic mass
M peak (z), the total fraction of dark matter rest mass that
has been converted to kinetic energy per unit time can
be calculated as

df decay

dt
=

$ M max
!

M peak (z) tcrit
, (14)

where $ is the fraction of the axion star’s mass that is
converted to relativistic axions during axinovae. From
simulations of these processes [35], it is seen that ap-
proximately 50% of the star’s mass is lost during the
nova and of this about 20% is in the form of relativistic
axions, so $ ! 0.1. The time to reach a critical star given
in (13) assumes the star grows from an undistorted mini-
halo. After the first axinova there is a remanent of mass

$ 0.5M max
! already present and the time for this to grow

to M max
! is slightly shorter than for the first star. For the

power law considered here this correction is small and we
ignore it, assuming all subsequent stars take time tcrit to
explode.

III. COSMOLOGICAL CONSTRAINTS

A. The decay rate of axion stars

The process of forming axion stars which subsequently
become nova converts non-relativistic dark matter axions
into boosted (%$ O(few)) axions. The kinetic energy of
the outgoing axions will red-shift away after the scale fac-
tor has grown by $

%
%and thus the dark matter’s con-

tribution to the matter-energy budget is depleted. Here
we study the impact of the cumulative loss of mass in
the dark sector but it is possible that the temporary ex-
istence of a new relativistic species may lead to a mea-
surable e! ect on large-scale structure and is worthy of
future study.
This process is closely related to the scenario of de-

caying dark matter, which is well constrained by recent
cosmological data [36–38]. For dark matter which de-
cays after recombination, the decrease of the dark mat-
ter fraction will increase the angular diameter distance
to the last scattering surface over time. Furthermore,
the amount of CMB lensing is reduced due to a smaller
gravitational potential than expected. This scenario is
constrained by a combination of CMB [39] and, for very
long lived dark matter, SDSS [40] data. If the decay of
dark matter occurs well before recombination or even be-
fore matter-radiation equality, the primary e! ect of the
decaying dark matter is to enhance Ne! since the decay
products behave as dark radiation. In the short-lived sit-
uation the constraints are primarily from CMB measure-
ments. We will be interested in the long-lived case, and
in particular decays which occur after matter-radiation
equality but are no longer ongoing. The equivalent bound
[38] for decaying dark matter on the fraction of the initial
amount of dark matter that can decay is

f dDM &
" dDM

" dDM + " DM
# 2.62% (at 2&) . (15)

Although the cosmological evolution of the dark sectors
for decaying dark matter and axinovae are not identi-
cal they are similar and since the above constraint is in-
dependent of decaying dark matter lifetime over a wide
range of lifetimes we will use it to constrain axions. We
leave a more detailed numerical analysis, and an investi-
gation of other possible signals, for future work. Convert-
ing (15) to the case of axinova leads to the requirement
that

$ z=20
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dz
df decay
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# 2.62% . (16)
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certain mass will gain mass by gathering axions from the
halo. As observed in numerical simulations [27, 32] such
stars first appear after time ⌧ and then proceed to grow.
The growth is initially fast (d logM/dt is constant) but
once the virial velocity of the minicluster falls below the
speed of the axions in the axion star the rate of growth
slows, d logM/dt becomes inversely proportional to (a
power of) the star mass [32] which results in the mass
growing with time as a power law. The characteristic
axion star mass where this change in behavior occurs is
obtained by equating the virial velocity of the minicluster
with that of the axion star [27, 28, 31–34] is

M⇤ ! 3⇢1/ 6
a G

�1/ 2
N m

�1
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where Mh is the halo mass. The behavior of the growth
rate once the axions in the star are moving faster than
those in the halo is not definitively known, and there is
evidence that it may continue to evolve with star mass
[32]. This would result in the mass growing as a power
law with a running index. However, to simplify our anal-
ysis and to partially account for the numerical uncertain-
ties, we will use a single power law but consider a range of
possible powers. In particular, we parametrize the power-
law mass growth as M⇤ = M⇤ (t/⌧)1/ ! and vary ↵ in the
range of 1 to 5. With initial exponential growth followed
by constant power law growth, the timescale to form an
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The numerical simulations discussed above have

mostly been carried out assuming a homogenous gas of
axions as the initial background upon which an axion
star forms. For stars that form in minihalos the gas has
a density and velocity profile. In Appendix B we argue
that for an NFW profile the exponential growth is re-
placed with a power law, and the whole growth becomes
a single power law, with ↵ = 3/2 when self interactions
dominate.

Given that the majority of the dark matter has col-
lapsed into axion minihalos with a characteristic mass
Mpeak (z), the total fraction of dark matter rest mass that
has been converted to kinetic energy per unit time can
be calculated as

dfdecay

dt
=

M
max
⇤

Mpeak (z) tcrit
, (14)

where  is the fraction of the axion star’s mass that is
converted to relativistic axions during axinovae. From
simulations of these processes [35], it is seen that ap-
proximately 50% of the star’s mass is lost during the
nova and of this about 20% is in the form of relativistic
axions, so  ! 0.1. The time to reach a critical star given
in (13) assumes the star grows from an undistorted mini-
halo. After the first axinova there is a remanent of mass

$ 0.5Mmax
⇤ already present and the time for this to grow

to M
max
⇤ is slightly shorter than for the first star. For the

power law considered here this correction is small and we
ignore it, assuming all subsequent stars take time tcrit to
explode.

III. COSMOLOGICAL CONSTRAINTS

A. The decay rate of axion stars

The process of forming axion stars which subsequently
become nova converts non-relativistic dark matter axions
into boosted (� $ O(few)) axions. The kinetic energy of
the outgoing axions will red-shift away after the scale fac-
tor has grown by $

%
� and thus the dark matter’s con-

tribution to the matter-energy budget is depleted. Here
we study the impact of the cumulative loss of mass in
the dark sector but it is possible that the temporary ex-
istence of a new relativistic species may lead to a mea-
surable e! ect on large-scale structure and is worthy of
future study.
This process is closely related to the scenario of de-

caying dark matter, which is well constrained by recent
cosmological data [36–38]. For dark matter which de-
cays after recombination, the decrease of the dark mat-
ter fraction will increase the angular diameter distance
to the last scattering surface over time. Furthermore,
the amount of CMB lensing is reduced due to a smaller
gravitational potential than expected. This scenario is
constrained by a combination of CMB [39] and, for very
long lived dark matter, SDSS [40] data. If the decay of
dark matter occurs well before recombination or even be-
fore matter-radiation equality, the primary e! ect of the
decaying dark matter is to enhance Ne! since the decay
products behave as dark radiation. In the short-lived sit-
uation the constraints are primarily from CMB measure-
ments. We will be interested in the long-lived case, and
in particular decays which occur after matter-radiation
equality but are no longer ongoing. The equivalent bound
[38] for decaying dark matter on the fraction of the initial
amount of dark matter that can decay is

fdDM &
" dDM

" dDM + " DM
# 2.62% (at 2�) . (15)

Although the cosmological evolution of the dark sectors
for decaying dark matter and axinovae are not identi-
cal they are similar and since the above constraint is in-
dependent of decaying dark matter lifetime over a wide
range of lifetimes we will use it to constrain axions. We
leave a more detailed numerical analysis, and an investi-
gation of other possible signals, for future work. Convert-
ing (15) to the case of axinova leads to the requirement
that

$ z=20

zc

dz
dfdecay

dz
# 2.62% . (16)

Figure 10 : The soliton growth/evaporation rate as function of kgr s Ñ the product of the gas
momentum and the soliton half-density radius. The cumulative dependence is constructed
using 3900 data points extracted from 195 independent simulations with di! erent gas and
soliton parameters. The data are binned on logarithmic scale inkgr s. Each dot gives the
average value of the growth rate in the bin, while the vertical error bars correspond to the
standard deviation within the bin. The blue solid line shows the asymptotic dependence pre-
dicted by eq. (3.23). At small kgr s the dotted lines indicate possible power-law dependences.
The dashed vertical line marks the value ofkgr s corresponding to the equality of the gas and
soliton virial temperatures, Tg/T s = 1 .

kgr s ! 2.5 which is in reasonable agreement with the naive estimate (3.25). In terms of the
gas and soliton virial temperatures, it corresponds toTg/T s " 12.

For lower kgr s the soliton grows. The growth rate stays almost constant in the range
0.7 < k gr s < 2 where it is comparable to the inverse of the gas relaxation time! ! 1

rel , see
eq. (2.19). The lower end of the plateau corresponds to the equality of the gas and soliton
virial temperatures, Tg/T s = 1 , which is marked by the dashed vertical line in Þg.10.

At kgr s < 0.7 (equivalently Tg/T s < 1) the growth rate quickly decreases. We Þnd that
this decrease is consistent with a power law

! s # (kgr s)n (4.16)

with n " 3 indicated by the dotted line in the plot. The points with the smallest values
of kgr s hint at a steepening dependence withn = 4 at kgr s $ 0, in agreement with the
analytic estimate (3.31). There are, however, several caveats that prevent us from claiming
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particles (ALPs) is broad. One common feature across
this landscape is that the axion,! , is a pseudo-Goldstone
boson of a globalU(1)P Q symmetry broken at a scale
f a. The U(1)P Q is anomalous under a conÞning gauge
group which means that the axionÕs potential is generated
through instanton e↵ects occurring at the compositeness
scale of the gauge group,⇤, and takes the form

V(! ) =
⇤4

cud

!

1 ! 4cud sin2
"

!
f a

#
. (1)

In the case of the QCD axion⇤ " 200 MeV and cud "
mu md/ (mu + md)2 " 0.2. In addition to the self cou-
plings, coupling to gravity, and the anomaly-induced cou-
pling to QCD (or QCD-like group), the axion may have
model-dependent couplings to other SM gauge bosons
and fermions. We focus here on the self and gravitational
couplings only, which can already lead to interesting dy-
namics such as axinovae.

A. Axion Minihalos

In the post-inßationary scenario, the present-day Uni-
verse contains a large number of patches which were
causally disconnected at the time of QCD phase tran-
sition. In each causally disconnected patch of the Uni-
verse, axion Þeld values are uncorrelated. Once the ax-
ion acquires a mass, and Hubble friction is small enough,
the axion behaves as cold dark matter and isocurvature
ßuctuations are present in the matter density. When
the Universe becomes matter dominated this small-scale
structure will start to collapse under gravity, leading to
axion minihalos. Furthermore, there may be large over-
densities of axions at even smaller scales arising from
the evolution of the network of axion strings and domain
walls [7] set up when the PQ symmetry breaks. Even
for the much studied case of the QCD axion, there is
controversy [8Ð22] as to what fraction of the relic dark
matter axions arise from misalignment or from the de-
cay of topological defects. Along with those topological
defects, objects called oscillons or axitons that can con-
tribute to the small scale overdensities will form after the
axion accquires its mass [14, 15]. Those objects can form
when the axion self-interaction dominates over the Hub-
ble expansion term, which is easily satisÞed in the early
Universe when the self-interaction is strong due to the
high density. As the axion density drops, the formation
of oscillons will be turned o↵ and oscillons themselves
will dissipate via emitting relativistic axions.

It is worth noting that the post-inßationary scenario is
not essential for the axinovae. Any matter power spec-
trum which is enhanced at small scales can lead to the
formation of axion minihalos around matter-radiation
equality, but the post-inßationary scenario is a minimal
realisation. We take a simple ansatz for the spectrum
of initial ßuctuations in the axion Þeld, namely that the
spectrum of isocurvature ßuctuations in the axion Þeld

follow a white-noise spectrum, cut o↵ at small scalesi.e.

"#a

#a
= A0

"
k
k0

# 3

⇥(k0 ! k) . (2)

Here k0 " aoscHoscis the (comoving) wavenumber deter-
mined by the horizon size at the time the axion starts to
oscillate, i.e. ma(Tosc) # 3Hosc. While here we consider
a pure white noise spectrum we extend this analysis to a
more general power law spectrum in Appendix C. In real-
ity one would expect a softening of the cuto↵ in the white
noise power spectrum at small scales. The exact details
of how this occurs is related to the dynamics of string net-
work and axitons, and is unknown. It will not a↵ect our
conclusions, see Appendix C for details. As mentioned
above, the contribution of strings and domain walls to
the abundance of non-relativistic axions is uncertain and
will impact the size of the power spectrum. Simulations
typically show the density perturbations have A0 # 0.1
at k = aoscHosc, but they also show larger sub-horizon
(larger k) ßuctuations. These sub-horizon ßuctuations
can collapse earlier than those at the horizon scale, lead-
ing to high concentration minihalos. These halos are at
smaller scales,k $ aoscHosc, and have larger"#a/ #a and
lower axion speeds in the mini-halos, resulting in a faster
star growth rate. We take the conservative limit of hold-
ing k0 = Hosc as the scale at whichA0 = 1. With this
white noise power spectrum (2) the Þrst structures, of
massM 0, form at redshift zc " A1/ 2

0 zeq and the charac-
teristic structure mass, deÞned as the peak in the distri-
bution Mdn/d logM , occurs at

M peak (z) = M 0

"
1 + zc

1 + z

# 2

. (3)

Where

M 0 = 6$2#0

"
1
k0

# 3

, (4)

is the co-moving mass in the horizon at the time the axion
starts to roll and #0 is the present-day cosmological axion
density. The minihalos have a distribution of masses but
for simplicity we use the characteristic massM peak to
provide a measure of the overall behavior.

The growth continues till around z # 10 ! 20 when
the minihalos merge into standard CDM halos and their
growth stalls [23].

We take the minihalos to have an NFW [24] density
proÞle, deÞned by a scale radiusr s and density #s,

#(r ) =
#s

r
r s

$
1 + r

r s

%2 . (5)

At the scale radius the circular speed is given by

v2
s = 4$GN #sr 2s (log 4 ! 1) . (6)

This speed will be relevant for the calculation of ax-
ion star formation rate, and in the minihalos that will
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In the scenario of axinovae, the decay of dark matter
occurs when axion miniclusters start to form, which is
always after matter-radiation equality. To avoid the con-
straint of (16) requires either that the formation rate of
axion stars is too small to be cosmologically relevant or
that the formed axion star mass is smaller than the crit-
ical mass so there are no axinovae. Note that this bound
does not rely upon there being a coupling to any SM
particles e.g. photons, gluons, or SM fermions. However,
our constraints do rely on the assumption that axions
do make up the dark matter relic abundance and that
the ßuctuations in the axion Þeld are isocurvature in na-
ture and approximately power law. If axions make up
a fraction of the dark matter, this can be encoded as a
reduction of ! , see (14), and a corresponding weakening
of the bounds.

For normal misalignment production of axions, where
!" 2" # 4 [41], the typical initial halos that form have a
mass that depends upon the horizon size when the ax-
ion starts to oscillate ma(Tosc) = 3 H (Tosc)/ 2. For the
QCD axion, where the temperature dependence of the
axion mass is known, this oscillation time is uniquely
determined. However, in more general axion scenar-
ios the oscillation temperature, and thereforeM 0, is a
free parameter. In the radiation dominated eraH (T) =
# (8#g! (T)/ 90)1/ 2 T2/M P l and the halos form with mass,

M h =
4#
3

✓
1

a(Tosc)H (Tosc)

◆3

$0 # 2$ 108M "

✓
keV
Tosc

◆3

.

(17)
The existence of DM structure down to small scales re-
quires that the axions behave as dark matter by the
time the temperature of the Universe is % keV, i.e.
Tosc >%1 keV. Thus, there is an upper bound on the initial
halo mass. More sophisticated analysis of the constraints
on the axion isocurvature power spectrum at small scales
can be found in Ref. [42].

Going forward we will assume that the axion makes up
a sizable fraction of the dark matter abundance and place
a bound on its self-coupling, equivalently f a, through
recurrent axinova. There are four parameters that de-
termine the amount of axion dark matter that is con-
verted to dark radiation: the axion mass ma, the axion
self coupling %which in simple models is determined by
the decay constantf a, the structure massM 0 (or equiv-
alently M peak (zc)), and the red-shift at which minihalos
Þrst form zc. Numerical simulations [14, 15] indicate that
the white noise spectrum has large amplitude at small
scalesA0 % O(1) and thus minihalos form as early as
possiblezc % zeq, with mass given by (17).

As times evolves, the characteristic mass grows as
M h % (1 + z)# 2 as minihalos merge with each other.
Since a characteristic mass halo has concentrationc # 4
its scale radius and density vary with redshift as r s %
(1 + z)# 5/ 3, $s % (1 + z)3 and consequently the speed at
the scale radius depends on redshift asvs % (1 + z)# 1/ 6.
From Eqs. (10) and (11) this implies that the time scales
for collapse scale as&gr % (1 + z)# 7, &self % (1 + z)# 19/ 3.

This rapid lengthening of the axion star formation time
as the Universe ages means that the dominant DM mass
loss occurs as soon as the minihalo mass is larger than the
critical star mass, and the earlier that occurs the greater
the fraction lost. More precisely, assumingtcrit is in the
power law regime, the decay rate for halos of massM 0

which initially form at redshift zc is,

df decay
dz

% 76500#2/ 3!
M 3

pl $
2
col

M 0f 5
a m4

a

✓
1 + z
1 + zc

◆8 1
(1 + z)5/ 2H0

$

2

41 + 75#4/ 3

 
f a

M 1/ 3
0 $1/ 6

col

!4✓
1 + z
1 + zc

◆2/ 3
3

5

$
✓

M !

M max
!

◆! # 2

! (M peak (z) & M max
! ) ,

(18)

where we have suppressed the logarithmic corrections to
the Rutherford cross section in (10), takenb = d = 1,
and $col = (1 + zc)3$0 is the background density at the
time of initial collapse.

The from of (18) makes clear that the rate is peaked
to early redshift and this rate is enhanced by decreasing
both ma and f a. If the timescale for scattering is set by
self interactions, i.e. f a <% M 1/ 3

0 $1/ 6
0 , then along curves

where f a % m# 4/ 5
a the decay rate is constant. Further-

more, for any choice of parameters there is a maximalf a
above which there is not enough time to form a critical
mass star in a minihalo. This leads to a region, bounded
from below (above), in ma & f a (ma & f # 1

a ) space which
is constrained by the cosmological data discussed above
(14).

In Fig. 1, we plot the region that is constrained by
the axinovae, for various assumptions. The gray regions
are excluded by black hole superradiance constraints [43Ð
46]. The most conservative (weakest) constraint, shown
in green, comes from assuming that the oscillation tem-
perature is low and that the time to reach a critical star
is given by (13). Over most of the green region the crit-
ical star mass is low and the growth (d logM/dt ) is still
in the constant regime. Given constraints on large scale
structure we take the lowest possible oscillation tempera-
ture to % 1 keV. The later an axion starts oscillating the
larger the mass of the initial axion miniclusters, which
leads to a longer axion star production time&, suppress-
ing the resulting appearance of axinova.

In the red region we again assume the lowest possible
oscillation but now assume that the star growth is power
law, M % $sr 3s (t/ &)2/ 3, for all star masses, as discussed in
Appendix B. At masses below$sr 3s the power law predicts
faster growth than the constant growth assumed in (13)
and the green region. This makes the bound stronger.
For f a >% 1015GeV the axion star critical mass is larger
than where exponential growth transitions to power law
in the green and the two constraints coincide.

Finally, the blue region is the strongest constraint
and is found by optimizing over the oscillation temper-
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certain mass will gain mass by gathering axions from the
halo. As observed in numerical simulations [27, 32] such
stars Þrst appear after time! and then proceed to grow.
The growth is initially fast ( d logM/dt is constant) but
once the virial velocity of the minicluster falls below the
speed of the axions in the axion star the rate of growth
slows, d logM/dt becomes inversely proportional to (a
power of) the star mass [32] which results in the mass
growing with time as a power law. The characteristic
axion star mass where this change in behavior occurs is
obtained by equating the virial velocity of the minicluster
with that of the axion star [27, 28, 31Ð34] is

M⇤ ⇡ 3" 1/6
a G

�1/2
N m

�1
a M

1/3
h , (12)

whereMh is the halo mass. The behavior of the growth
rate once the axions in the star are moving faster than
those in the halo is not deÞnitively known, and there is
evidence that it may continue to evolve with star mass
[32]. This would result in the mass growing as a power
law with a running index. However, to simplify our anal-
ysis and to partially account for the numerical uncertain-
ties, we will use a single power law but consider a range of
possible powers. In particular, we parametrize the power-
law mass growth asM⇤ = M⇤ (t/! )1/↵ and vary # in the
range of 1 to 5. With initial exponential growth followed
by constant power law growth, the timescale to form an
axion star at critical massMmax

⇤ depends in which regime
the critical mass falls. Thus,

tcrit = ! ⇥

!
log

"
M⇤/M

max
⇤

#
+ 1 , M

max
⇤  M⇤

(Mmax
⇤ /M⇤)↵, M

max
⇤ > M⇤

.

(13)
The numerical simulations discussed above have

mostly been carried out assuming a homogenous gas of
axions as the initial background upon which an axion
star forms. For stars that form in minihalos the gas has
a density and velocity proÞle. In Appendix B we argue
that for an NFW proÞle the exponential growth is re-
placed with a power law, and the whole growth becomes
a single power law, with # = 3/2 when self interactions
dominate.

Given that the majority of the dark matter has col-
lapsed into axion minihalos with a characteristic mass
Mpeak(z), the total fraction of dark matter rest mass that
has been converted to kinetic energy per unit time can
be calculated as

dfdecay

dt
=

$M
max
⇤

Mpeak(z) tcrit
, (14)

where $ is the fraction of the axion starÕs mass that is
converted to relativistic axions during axinovae. From
simulations of these processes [35], it is seen that ap-
proximately 50% of the starÕs mass is lost during the
nova and of this about 20% is in the form of relativistic
axions, so$ ⇡ 0.1. The time to reach a critical star given
in (13) assumes the star grows from an undistorted mini-
halo. After the Þrst axinova there is a remanent of mass

⇠ 0.5Mmax
⇤ already present and the time for this to grow

to M
max
⇤ is slightly shorter than for the Þrst star. For the

power law considered here this correction is small and we
ignore it, assuming all subsequent stars take timetcrit to
explode.

III. COSMOLOGICAL CONSTRAINTS

A. The decay rate of axion stars

The process of forming axion stars which subsequently
become nova converts non-relativistic dark matter axions
into boosted (%⇠ O(few)) axions. The kinetic energy of
the outgoing axions will red-shift away after the scale fac-
tor has grown by ⇠

p
%and thus the dark matterÕs con-

tribution to the matter-energy budget is depleted. Here
we study the impact of the cumulative loss of mass in
the dark sector but it is possible that the temporary ex-
istence of a new relativistic species may lead to a mea-
surable e! ect on large-scale structure and is worthy of
future study.

This process is closely related to the scenario of de-
caying dark matter, which is well constrained by recent
cosmological data [36Ð38]. For dark matter which de-
cays after recombination, the decrease of the dark mat-
ter fraction will increase the angular diameter distance
to the last scattering surface over time. Furthermore,
the amount of CMB lensing is reduced due to a smaller
gravitational potential than expected. This scenario is
constrained by a combination of CMB [39] and, for very
long lived dark matter, SDSS [40] data. If the decay of
dark matter occurs well before recombination or even be-
fore matter-radiation equality, the primary e ! ect of the
decaying dark matter is to enhanceNe! since the decay
products behave as dark radiation. In the short-lived sit-
uation the constraints are primarily from CMB measure-
ments. We will be interested in the long-lived case, and
in particular decays which occur after matter-radiation
equality but are no longer ongoing. The equivalent bound
[38] for decaying dark matter on the fraction of the initial
amount of dark matter that can decay is

fdDM ⌘
" dDM

" dDM + " DM
 2.62% (at 2&) . (15)

Although the cosmological evolution of the dark sectors
for decaying dark matter and axinovae are not identi-
cal they are similar and since the above constraint is in-
dependent of decaying dark matter lifetime over a wide
range of lifetimes we will use it to constrain axions. We
leave a more detailed numerical analysis, and an investi-
gation of other possible signals, for future work. Convert-
ing (15) to the case of axinova leads to the requirement
that

$ z=20

zc

dz
dfdecay

dz
 2.62% . (16)
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where Mh is the halo mass. The behavior of the growth
rate once the axions in the star are moving faster than
those in the halo is not deÞnitively known, and there is
evidence that it may continue to evolve with star mass
[32]. This would result in the mass growing as a power
law with a running index. However, to simplify our anal-
ysis and to partially account for the numerical uncertain-
ties, we will use a single power law but consider a range of
possible powers. In particular, we parametrize the power-
law mass growth asM! = M! (t/! )1/ ! and vary # in the
range of 1 to 5. With initial exponential growth followed
by constant power law growth, the timescale to form an
axion star at critical mass M
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! depends in which regime
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max
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max
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(Mmax
! /M! )!
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max
! > M!
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The numerical simulations discussed above have

mostly been carried out assuming a homogenous gas of
axions as the initial background upon which an axion
star forms. For stars that form in minihalos the gas has
a density and velocity proÞle. In Appendix B we argue
that for an NFW proÞle the exponential growth is re-
placed with a power law, and the whole growth becomes
a single power law, with # = 3/2 when self interactions
dominate.

Given that the majority of the dark matter has col-
lapsed into axion minihalos with a characteristic mass
Mpeak (z), the total fraction of dark matter rest mass that
has been converted to kinetic energy per unit time can
be calculated as
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where $ is the fraction of the axion starÕs mass that is
converted to relativistic axions during axinovae. From
simulations of these processes [35], it is seen that ap-
proximately 50% of the starÕs mass is lost during the
nova and of this about 20% is in the form of relativistic
axions, so$ ! 0.1. The time to reach a critical star given
in (13) assumes the star grows from an undistorted mini-
halo. After the Þrst axinova there is a remanent of mass

$ 0.5M
max
! already present and the time for this to grow
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! is slightly shorter than for the Þrst star. For the

power law considered here this correction is small and we
ignore it, assuming all subsequent stars take timetcrit to
explode.

III. COSMOLOGICAL CONSTRAINTS

A. The decay rate of axion stars

The process of forming axion stars which subsequently
become nova converts non-relativistic dark matter axions
into boosted (%$ O(few)) axions. The kinetic energy of
the outgoing axions will red-shift away after the scale fac-
tor has grown by $
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%and thus the dark matterÕs con-

tribution to the matter-energy budget is depleted. Here
we study the impact of the cumulative loss of mass in
the dark sector but it is possible that the temporary ex-
istence of a new relativistic species may lead to a mea-
surable e! ect on large-scale structure and is worthy of
future study.

This process is closely related to the scenario of de-
caying dark matter, which is well constrained by recent
cosmological data [36Ð38]. For dark matter which de-
cays after recombination, the decrease of the dark mat-
ter fraction will increase the angular diameter distance
to the last scattering surface over time. Furthermore,
the amount of CMB lensing is reduced due to a smaller
gravitational potential than expected. This scenario is
constrained by a combination of CMB [39] and, for very
long lived dark matter, SDSS [40] data. If the decay of
dark matter occurs well before recombination or even be-
fore matter-radiation equality, the primary e ! ect of the
decaying dark matter is to enhanceNe! since the decay
products behave as dark radiation. In the short-lived sit-
uation the constraints are primarily from CMB measure-
ments. We will be interested in the long-lived case, and
in particular decays which occur after matter-radiation
equality but are no longer ongoing. The equivalent bound
[38] for decaying dark matter on the fraction of the initial
amount of dark matter that can decay is

fdDM &
" dDM

" dDM + " DM
# 2.62% (at 2&) . (15)

Although the cosmological evolution of the dark sectors
for decaying dark matter and axinovae are not identi-
cal they are similar and since the above constraint is in-
dependent of decaying dark matter lifetime over a wide
range of lifetimes we will use it to constrain axions. We
leave a more detailed numerical analysis, and an investi-
gation of other possible signals, for future work. Convert-
ing (15) to the case of axinova leads to the requirement
that

$ z=20

zc

dz
dfdecay

dz
# 2.62% . (16)
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FIG. 1. The exclusion region from axinovae for di! erent as-
sumptions for axion parameters, see text for more details.
Existing limits from the black hole superradiance are shown
in grey. The green region is the most conservative bound us-
ing a constant rate of dlogM/dt at M max

! ! M ! and a late
Tosc , with a formation timescale given in Eq. (13) The red re-
gion uses a power-law growth (PL) with M " t2/ 3 over all the
mass ranges and it also assumes the lowest oscillation temper-
ature. The blue region presents the bound after optimizing
over oscillation temperature.

ature. The maximum possible oscillation temperature
arises when the axion starts oscillating with its zero tem-
perature mass, Tosc =

!
maM pl . These high temper-

atures will lead to the lightest axion miniclusters and
the shortest star production times, but such miniclusters
may not be massive enough to contain a critical star. At
each point in the parameter space, we select the highest
possibleTosc that leads to a massive enough minicluster.
Since, M h ! T ! 3

osc this selected temperature is still close
to

!
maM pl . In Fig. 2, in Appendix D we show the con-

straint for M " ! t1/ 5, when the leading order the decay
rate is independent ofTosc.

In the excluded regions anO(1) fraction of all dark
matter has passed through an axionova. This may lead to
other observables in axion experiments or in cosmological
observations. Given the high powers that appear in (18)
if the constraints on decaying dark matter are improved
in the future the region of parameter space excluded will
not be greatly altered.

IV. CONCLUSIONS

We obtain new bounds on axion dark matter parame-
ters ma, f a assuming the formation of dense axion mini-
halos, motivated by the post-inßationary scenario. Axion
perturbations in the post-inßationary scenario will lead
to the formation of dense substructures known as axion
miniclusters or minihalos after matter-radiation equality,
which can subsequently form coherent objects known as
axion stars at the core of axion minihalos. Low mass di-
lute axion stars, supported by gradient pressure, can be
cosmologically stable. However, they will accrete more
axions from minihalos and continue to grow in mass un-
til the axion self-coupling becomes important and the
gradient pressure can no longer stop them from collaps-
ing and emitting relativistic axions, in an axinova. The
remnant of an axinova is a less massive star which will
again grow, leading to recurrent axinova.

If the recurrent formation rate is large enough and ax-
inovae are active, they can convert a signiÞcant fraction
of dark matter into radiation which can be constrained
by measurements of large scale structure formation. Our
constraint only depends on the axion self-coupling and
gravity. The self coupling can be mapped to axion-
photon and axion-neutron couplings in speciÞc models.
Those constraints are obtained by requiring the popula-
tion of dense axion stars formed in axion minihalos at
high redshifts shall not dominate the mass of dark mat-
ter. If the axion is only a fraction of dark matter or only a
few percent of axion dark matter is decaying, the conver-
sion to dark radiation may be cosmologically signiÞcant
in future observations but consistent with the current
data. Alternatively, if the axinova has a branching frac-
tion into standard model states there may be observables
in the region or parameter space close to our bound. We
leave a more detailed study of the cosmological evolution
or possible visible signals to future work.
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Model Building

"Getting correct relic abundance requires delaying 
oscillation!

"Higher DS temperature !
"First order phase transition!
"Kinetic misalignment!
"Friendly axions !

"Or increasing self coupling!
"Clockwork
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Conclusions

"Bosonic stars have stable conÞgurations of (eg) axions 
supported by gradient pressure!

"Can process large fraction of mass into k.e. which 
redshifts away!

"Recurring process!
"Only relies on gravity and self coupling!
"Constrained by CMB observations!
"Possible associated visible channels?


