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Effective gravitational interactions of dark matter axions†

T. Noumi,∗1 K. Saikawa,∗2 R. Sato,∗3 and M. Yamaguchi∗2

Recent developments of observational studies have
constrained the properties of dark matter significantly,
yet its origin is unknown. The axion is one of leading
candidates of dark matter, which emerges out of the
solution to the strong CP problem in QCD. One im-
portant property of dark matter axions is that it is
produced non-thermally in the early universe and de-
scribed as a coherently oscillating scalar field. Since
this coherent oscillation is interpreted as highly con-
densed Bose gas, dark matter axions may form Bose-
Einstein condensate (BEC) in the universe.

The formation of axion BEC dark matter, if it oc-
curred, leads to some interesting phenomenological im-
plications. It was argued that the angular momentum
distribution of infalling dark matter particles affects
the structure of inner caustics (the over dense region
produced by the fall of dark matter surrounding the
galaxy).1) If the particles have a net overall rotation,
which is predicted by axion BEC dark matter,2) the
inner caustics become ring-like structure. Since such
a structure is not predicted in another leading candi-
dates such as the weakly interacting massive particle
(WIMP) dark matter scenario, there is a possibility to
distinguish dark matter candidates observationally.

The crucial point for the above scenario is that the
thermalization occurs due to gravitational interactions.
Gravitational thermalization of dark matter axions
was first discussed in detail in3). They claimed that
the formation of axion BEC occurs in the condensed
regime, where the interaction rate is large compared to
the typical energy exchanged in the interaction. The
thermalization process in the condensed regime was
further studied by two of the present authors.4) By
representing coherently oscillating axions as coherent
states, they evaluated the gravitational self interaction
rate Γ of axions within the flat space Newtonian ap-
proximation. They showed that the interaction rate
Γ exceeds the expansion rate H of the universe when
the temperature of the universe is T ≃ keV. This re-
sult might imply that the gravitational self interactions
affect the evolution of dark matter axions and their oc-
cupation number changes rapidly at that time.

In the BEC formation process, however, low energy
modes, i.e. superhorizon modes, will play an central
role and such a subhorizon mode is sensitive to the
cosmic expansion. Therefore, it is not clear whether
we can apply the previous result3,4) based on the flat
space Newtonian approximation. In this report, to
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Fig. 1. Effective gravitational interaction of axions.

clarify this issue, we reanalyze the interaction rate Γ of
the axion gravitational self interactions taking into ac-
count effects of the cosmic expansion based on general
relativity. In the general relativistic framework, the
gravitational interaction is mediated by metric pertur-
bations δgµν . The kinetic and mass terms of the axion
ϕ generically contain cubic interactions schematically
in the form δgµνϕ

2 and these cubic interactions induce
the following effective quartic interactions (Fig. 1):
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Here δp = |k1−k3|/a is the physical exchange momen-
tum and x = csδp/H represents how it is inside the
(sound) horizon. We can see that the gravitational in-
teraction is well approximated by Newton gravity when
the exchange momentum is inside the horizon x ≳ 1,
while it is suppressed for x ≲ 1. An important point
is that even if some of external momenta are super-
horizon, the interaction is not suppressed unless the
exchange momentum is superhorizon.

Applying the obtained effective gravitational inter-
action, we showed that the interaction rate Γ exceeds
the expansion rate H of the universe when the tem-
perature of the universe is T ≃ keV, as in the previous
studies3,4). However, it should be noted that the ther-
malization process of axion BEC has been not fully
understood yet in the previous studies3,4) and it is still
nontrivial whether the thermalization occurs at that
time (see e.g.5) for recent arguments). Further studies
in this direction will be required.
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Composite dark matter and lattice simulations†

E. T. Neil∗1,∗2 [LSD Collaboration]

The existence of a dark matter sector, which inter-
acts gravitationally with ordinary, baryonic matter,
solves several known observational puzzles in astro-
physics and cosmology. However, the observed relic
abundance of dark matter (DM) in the Universe to-
day differs from the abundance of baryonic matter by
a relatively small factor, ρDM/ρb ≈ 5. This appar-
ent coincidence motivates the existence of some sort
of coupling of the dark sector to the Standard Model
(SM), to give rise to the DM relic density by way of
a primordial asymmetry or by coupling to the early-
universe thermal bath of SM particles. Such interac-
tions between DM and SM are strongly constrained by
present-day experiments which seek to directly detec-
tion the impact of galactic dark matter particles with
SM targets.

If the dark sector contains a new, strongly-coupled
gauge force, then it may give rise to a composite dark
matter candidate as an electroweak-neutral bound
state of charged, fundamental constituent particles.
This structure generically leads to very strong mo-
mentum dependence in interactions of the bound state
with the SM, which can resolve the tension since the
momentum scales probed in modern direct-detection
experiments are much lower than those relevant for
early-universe cosmology.

As part of the LSD collaboration, my research fo-
cuses on the use of lattice simulation as a tool to
study the physics of strongly-coupled gauge theories,
of which QCD is only a single example in a broad class.
Gauge theories with different choices of the number of
colors Nc, number of light fermions Nf , or fermion
gauge representation R can exhibit strikingly different
properties1).

In connection with the study of composite dark mat-
ter, we have undertaken a calculation from first princi-
ples of electromagnetic “nucleon” form factors in SU(3)
gauge theories with Nf = 2 and Nf = 6, in particular
the magnetic moment κ and electromagnetic charge ra-
dius r2

E
2). In a candidate composite dark matter the-

ory, these form factors would govern the interaction
of the baryon-like dark matter with ordinary nuclei
through single photon exchange. Our calculation re-
sults for the magnetic moment (shown in Fig. 1 below)
and charge radius indicate no significant trend as the
number of fermions Nf is increased. This suggests that
regardless of other dynamical considerations, bounds
on composite dark matter states may apply quite gen-
erally. As studied in the reference2), these bounds can
be quite wrong, with the magnetic moment interaction
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Fig. 1. From2), magnetic moment κneut of a neutral bary-

onic bound state in SU(3) gauge theory with Nf = 2

(red) and Nf = 6 (blue) light fermions, vs. ratio of sim-

ulated “baryon” mass MB to extrapolated chiral limit

mass MB0 .

excluding composite dark matter states in this model
below 10 TeV.

Additional studies have focused on the properties of
SU(2) gauge theories. The fundamental representa-
tion of SU(2) is real, leading to an enhancement of the
chiral symmetry group. For a gauge sector in which
this chiral symmetry spontaneously breaks, this can
lead to the existence of “baryonic” pseudo-Goldstone
modes, which can play the role of a dark matter candi-
date with interesting and unique properties3). Recent
LSD collaboration results on SU(2)4) have clarified the
range of Nf values for which the spontaneous breaking
of chiral symmetry will take place, paving the way for
future dynamical studies relevant to SU(2) composite
dark matter models.

Finally, extension of our results for composite dark
matter form factors to SU(4) gauge theory is planned,
with a model construction and a detailed lattice study
to be published soon. With an even choice of Nc, the
“baryon” states will be bosonic, and can exhibit in-
ternal symmetries which cause the leading electromag-
netic form factors (magnetic moment and charge ra-
dius) to vanish. Our initial studies will therefore focus
on the next leading operator, the electromagnetic po-
larizability, as well as on scalar form factors for Higgs
boson exchange.
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