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Formation of ultralight dark matter solar halos
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This short contribution summarizes some recent results on the formation of ultra-light dark
matter halos around the Sun and other massive astrophysical objects. These halos, resembling
gravitational atoms, are formed quite generically via the capture of light scalar dark matter,
mediated by its (weak) self-interactions. The capture process is effective whenever the dark matter
waves in the galactic halo are gravitationally focused by an external gravitational potential. One
of our most striking results is that for a dark matter boson with mass of order 10−14 eV, a halo
around the Sun can form on a timescale comparable to the lifetime of the Solar System, with a
density at the position of the Earth 𝑂 (104) times larger than that predicted in the standard galactic
halo model. If the self-interactions are attractive, the halo collapses when its density is large, and
this is likely to be associated with the emission of relativistic bosons, a ‘Bosenova’.
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1. Introduction
New ultralight bosons (i.e. with mass 𝑚 ≲ 1 eV) are compelling new physics candidates

because they can comprise the dark matter (DM) of our Universe, explain other open questions of
the Standard Model (SM), and are generically predicted by String Theory [1–12]. Owing to their
small mass, these DM particles have a macroscopic occupation number in galaxies such as the Milky
Way. Their evolution is thus well approximated by their classical equations of motion, whose free
solutions are waves. The parameters usually assumed in searches for these DM particles, derived
from observations of our galaxy at large scales, are an energy density 𝜌dm ≃ 0.4 GeV/cm3 and
velocity 𝑣dm ≃ 240 km/s [13–18]. For ultralight DM (ULDM), the coherence time is also important
for the theoretical interpretation of experimental results [19–21]. However, overdensities at scales
much smaller than the galaxy can modify these expectations. These can take the form of compact
gravitationally bound objects, which can be either self-gravitating, e.g. ‘boson stars’ [22–30], or
supported by external baryonic potentials. e.g. ‘solar halos’ [31, 32].

Following my recent work [33], in this contribution I will show that there is a generic class of
theories where ULDM capture processes do become important in the background of the gravitational
potential of baryonic sources. This capture leads to the formation of dark matter solar halos with
density much larger than 𝜌dm and a possibly modified coherence time. As I will discuss in section 2,
the capture efficiency is determined by the amount of gravitational focusing of the galactic DM
waves. I refer to [34–41] for other interesting observational effects of gravitational focusing.

2. Gravitational focusing and dark matter capture
The ULDM around an (approximately point-like) astrophysical object of mass 𝑀 , e.g. the Sun,

admits bound state configurations corresponding to a gravitational atom, with ground state radius

𝑅★ =
1
𝑚𝛼

= 1 AU
[
1.3 · 10−14 eV

𝑚

]2 [
𝑀⊙
𝑀

]
, (1)

where 𝛼 ≡ 𝐺𝑀𝑚 is the gravitational coupling of the DM to the body and 𝑀⊙ the solar mass. On
the other hand, the DM in the galactic halo has a mean velocity vdm in the rest frame of the Sun and
variance 𝜎2 ≃ 𝑣2

dm/2. This can be thought of as all of the ULDM being the continuum (unbound
states of the atom). However, bound states do get populated from the DM in the continuum via
processes mediated by the quartic self-interactions, which I write as 𝑉 ⊃ 𝜆𝜙4/4! , where 𝜙 is the
ULDM field and 𝜆 the quartic coupling. Indeed the mass 𝑀★ of the ULDM bound to the Sun
changes as [33]

¤𝑀★ = 𝐶 + (Γ1 − Γ2)𝑀★ , (2)

where 𝐶, Γ1, Γ2 ∝ 𝜆2 are positive coefficients and arise from the self-interactions.
The first contribution to ¤𝑀★, which I call ‘capture’, is interpreted as arising from a 2 → 2

process where two unbound particles scatter into a bound-state particle and an unbound one. The
second, ‘stimulated capture’, stands for the same process, but is proportional to 𝑀★ as a consequence
of the Bose enhancement of the indistinguishable bosons. The last represents the reduction of the
bound state population via the inverse ‘stripping’ process.

Significant DM capture happens in the regime where the stimulated capture rate Γ1 exceeds
the stripping rate Γ2. The main point is that this occurs when the DM waves in the galactic halo are
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Figure 1: The typical de Broglie wavelength of the DM waves in the galactic halo, 𝜆dB = 2𝜋/𝑚𝑣dm for
𝑣dm ≃ 240km/s, and the radius 𝑅★ of the ground state, in our Solar System for varying 𝑚. In the regime
𝜆dB > 𝑅★, occurring for 𝑚 ≳ 1.7 · 10−14 eV, gravitational focusing is relevant. Picture from Ref. [33].

gravitationally focused by the external body, i.e. if

𝜉foc ≡
𝜆dB
𝑅★

=
2𝜋𝛼
𝑣dm

≃
[ 𝑚

1.7 × 10−14 eV

] [ 𝑀

𝑀⊙

] [
240 km/s

𝑣dm

]
(3)

is larger than unity. In particular, if 𝜆dB < 𝑅★, corresponding to 𝑣dm > 2𝜋𝛼, the incoming particles
are fast with respect to 2𝜋𝛼 and the gravitational potential is negligible; in this regime, their kinetic
energy 𝑚𝑣2

dm/2 exceeds the binding energy of the ground state, −𝑚𝛼2/2, so capture is inefficient
(Γ1 < Γ2). Instead, if 𝜆dB > 𝑅★, the waves are gravitationally focused as their dynamics close to the
Sun is dominated by the Sun itself. In this regime, the kinetic energy of the corresponding particles
is small enough that order-one energy changes – from particles scattering via the self-interactions –
have a chance of trapping them in the gravitational well. Additionally, the particles in the galactic
halo are not energetic enough to strip out a particle in the ground state, without getting themselves
captured. Stripping is thus suppressed compared to stimulated capture (Γ1 > Γ2). Figure 1
compares 𝜆dB and 𝑅★ for the Sun a function of 𝑚. From Eq. (3), 𝜉foc ≳ 1 for 𝑚 ≳ 10−14 eV, for
which, importantly for observations, the ground state radius is of order AU or smaller; see Eq. (1).

3. Formation stages and dark matter overdensity
Depending on Γ1 > Γ2 or Γ2 < Γ1 the atom’s evolution undergoes different phases, according

to Eq. (2). Their dynamical time-scale is similar to the relaxation time via self-interactions

𝜏rel ≡
64𝑚7𝑣2

dm

𝜆2𝜌2
dm

≃ 9 Gyr
[

𝑓𝑎

108 GeV

]4 [ 𝑚

10−14 eV

]3
[
0.4 GeV/cm3

𝜌dm

]2 [
𝑣dm

240 km/s

]2
, (4)

where I wrote 𝜆 ≡ −𝑚2/ 𝑓 2
𝑎 valid for an axion with decay constant 𝑓𝑎. 𝜏rel is the time a particle in

a gas takes to change its velocity by order one via the self-interactions, in the absence of external
potentials [42, 43].

The bound mass 𝑀★ initially increases linearly as a result of direct capture only, see Eq. (2), until
𝑡 ≃ 1/|Γ1 − Γ2 |, at which point the stimulated capture/stripping terms become relevant. After this
time, for 𝜉foc ≳ 1 the bound mass increases exponentially because of the dominance of stimulated
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Figure 2: The overdensity profile of the dense solar halo 𝜌(𝑟)/𝜌dm, for different values of 𝑚. In the shaded
regions the values of the DM velocity and dispersion are varied from 𝑣dm =

√
2𝜎 = 240 km/s to 50 km/s,

with the lower edge corresponding to the largest velocity in this range. Dashed lines correspond to the profile
for 𝑚 < 10−14 eV, for which the exponential growth of the bound state occurs only when 𝑣dm ≪ 240 km/s
(and results for 𝑣dm = 50 km/s are shown). A large overdensity at the position of the Earth, as well as within
the Earth’s orbit, is predicted. Picture from Ref. [33].

capture over stripping, with an exponential rate 1/Γ1 ≃ 0.3𝜏rel similar to the relaxation time. This
leads to the formation of a ‘dense’ gravitational atom. Instead, for 𝜉foc ≲ 1 the capture and stripping
processes reach equilibrium (much after 𝜏rel) resulting in a constant bound mass, leading to a ‘dilute’
atom with density at most a few percent of the average DM density 𝜌dm. In the Solar System, for
𝑣dm ≃ 240 km/s the exponential increase happens for 10−14 eV ≲ 𝑚 ≲ 2 · 10−13 eV. The upper
limit correspond to the smallest possible atom, with 𝑅★ = 𝑅⊙, see Figure 1.

The exponential growth of the dense atoms terminates when the typical bound state density
approaches the critical density

𝜌crit ≃ 16
𝛼2𝑚4

|𝜆 | ≃ 7 · 103𝜌dm

[
𝑓𝑎

5 · 107 GeV

]2 [ 𝑚

10−14 eV

]4
[
𝑀

𝑀⊙

]2 [0.4 GeV/cm3

𝜌dm

]
. (5)

At this point the self-interaction energy is similar to the gravitational potential energy. 𝜌crit can be
much larger than the background density. For attractive self-interactions, 𝜆 < 0, the atom is unstable
and collapses. After the collapse starts, higher-order self-interaction terms become important and
for an axion-like potential the bound state should experience a Bosenova explosion, radiating an
order-one fraction of its mass into relativistic particles via 3 → 1 processes (similarly to a boson
star [44–46]). For 𝜆 > 0, the density saturates to at least 𝜌crit and there is no collapse. Note that |𝜆 |
only sets the capture timescale via the relaxation time and 𝜌crit.

In Figure 2, I show the density profile of the dense solar halo, 𝜌(𝑟) ∝ 𝑒−2𝑟/𝑅★, for different 𝑚 in
the range 10−13 eV to 10−15 eV. This is shown at the final stages of the exponential increase, when
𝜌crit is reached, choosing 𝜆 for each line such that 𝜌crit is reached at 5 Gyr. The values of 𝜆 used, of
order 10−57 ÷ 10−61, for an axion correspond to 𝑓𝑎 within the range 107 GeV to 108 GeV. Over the
bands in Figure 2 the velocity is varied from 𝑣dm =

√
2𝜎 = 240 km/s to 50 km/s; the lower value

could arise if the DM is in a dark disk, with smaller average velocity and dispersion [41, 47, 48].
For comparison, black dots show the constraints on the maximum mass that can be bound to the
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Figure 3: In blue, an approximate constraint on the size of the self-interaction coupling 𝜆 (written in terms
of 𝑓𝑎) from the matter power spectrum at largest measured momenta, 𝑘 ≃ 1 Mpc−1. This is valid both for
𝜆 > 0 and 𝜆 < 0. The dotted line is an indication of an upper bound that could be set on 𝜆 < 0 from the
matter power spectrum due to the exponential enhancement of the perturbations during radiation domination.
Black lines show the values of 𝑚 and 𝜆 for which the typical formation time 1/|Γ1 − Γ2 | in the Solar System
is 5 Gyr or 150 Myr. I also show the corresponding value of 𝜆 parameterized by 𝜆𝑚 ≡ |𝜆 | (10−14 eV/𝑚)2.

Sun from Solar System ephemerides [31, 49]. Clearly, the density in the solar halo is orders of
magnitude larger than 𝜌dm, but it does not violate these direct constraints.

4. Bounds and impact on structure formation
As illustrated by Eq. (4), sufficiently large ULDM self-interactions are needed for the halo to

form over Gyr time scales, but they also modify the cosmological evolution of DM perturbations.
Attractive/repulsive self-interactions enhance/suppress the perturbation growth and can be thus
constrained by measurements of the matter power spectrum [50–52]. As shown in Figure 3, taken
from [33], the values of 𝜆 required for the dense halos to form within 5 Gyr (those above the black
lines) are consistent with these constraints (shown in blue) over a few orders of magnitude. The
constraints from structure formation may become considerably stronger for 𝜆 < 0 if one considers
the evolution of the field before matter-radiation equality, due to the exponential enhancement
of perturbations during radiation domination [33]. Note that the misalignment mechanism for a
conventional axion potential underproduces the DM abundance for the considered values of 𝑚 and
𝑓𝑎, but different production mechanisms or scalar potentials may provide the observed abundance.

5. Summary and Outlook
In this contribution I presented a generic mechanism of formation of ULDM halos around

massive astrophysical objects, arising from the effect of the weak quartic self-interactions of the
ULDM. This mechanism occurs also around our Sun, leading to a solar halo with a density orders
of magnitude larger than the background DM density at the position of the Earth, see Figure 2.
More generally, the formation of halos around astrophysical objects in our Galaxy could provide
novel ULDM signatures.

The most striking effect happens in the exponential-growth regime, when gravitational focusing
is relevant (𝜉foc ≳ 1), corresponding to 𝑚 ≳ 10−14 eV, which predicts a large overdensity at 𝑟 ≲AU,

5
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see Figure 2. This could enhance the ULDM detection prospects on Earth and is also a clear target
for the proposed searches in space [53]. For attractive self-interactions, the halo is expected to
collapse, triggering a Bosenova process and the corresponding emission of relativistic particles.
This burst of light bosons can be detectable on Earth. Similarly, Bosenovas from nearby stars can
provide novel signals. Finally, the effective coherence time of the DM in the solar halo could be
larger than that of virialized DM even for 𝜉foc ≲ 1 when the solar halo is underdense [33], possibly
improving the detection prospects in resonance experiments looking for direct ULDM couplings to
the SM.
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