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Abstract: The quantum chromodynamics axion with a decay constant near the Grand
Unification (GUT) scale has an ultralight mass near a neV. We show, however, that axion-
like particles with masses near the keV–PeV range with GUT-scale decay constants are
also well motivated in that they naturally arise from axiverse theories with dark non-
abelian gauge groups. We demonstrate that the correct dark matter abundance may be
achieved by the heavy axions in these models through the misalignment mechanism in
combination with a period of early matter domination from the long-lived dark glueballs
of the same gauge group. Heavy axion dark matter may decay to two photons, yielding
mono-energetic electromagnetic signatures that may be detectable by current or next-
generation space-based telescopes. We project the sensitivity of next-generation telescopes
including Athena, AMEGO, and e-ASTROGAM to such decaying axion dark matter. If the
dark sector contains multiple confining gauge groups, then the observed primordial baryon
asymmetry may also be achieved in this scenario through spontaneous baryogenesis. We
present explicit orbifold constructions where the dark gauge groups unify with the SM at
the GUT scale and axions emerge as the fifth components of dark gauge fields with bulk
Chern-Simons terms.
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1 Introduction

The quantum chromodynamics (QCD) axion was originally introduced to explain the strong
CP problem connected to the absence of the neutron electric dipole moment [1–4]. The
axion is naturally realized as the pseudo-Nambu Goldstone boson of a symmetry, the
Peccei-Quinn (PQ) symmetry, which is spontaneously broken at a high scale fa. The axion
a would be exactly massless but for its interactions with QCD through the dimension-5
operator aGG̃/fa, where G is the QCD field strength and G̃ is its dual. Below the QCD
confinement scale instantons generate a potential for the axion; when the axion minimizes
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this potential, it dynamically removes the neutron electric dipole moment. The axion
acquires a mass mQCD

a ≈
√
mumd

mu+md
mπfπ
fa

, with mπ (fπ) the pion mass (decay constant) and
mu (md) the up quark (down quark) mass.

Coherent fluctuations of the axion field about its minimum may explain the observed
dark matter (DM) abundance [5–7]. If the PQ symmetry is broken after inflation then the
correct DM abundance is achieved for mQCD

a ∼ 100 µeV [8, 9], while if the PQ symmetry is
broken before inflation the final DM abundance depends on the initial misalignment angle,
and much lower axion masses may still explain the DM [10–14].

The idea of the ‘axiverse’ naturally emerges in the context of String Theory construc-
tions [15–23], whereby there is a large number N of ultralight axion-like particles (ALPs).
One linear combination of the ALPs couples to QCD and becomes the QCD axion mass
eigenstate. It is commonly assumed that the rest of the N − 1 ALPs remain ultralight,
with masses much less than the mass of the QCD axion mass eigenstate; the non-zero
masses of these ultralight ALPs could arise, e.g., from string or gravitational instantons.
Indeed, in String Theory constructions ALPs arise as the zero modes of higher-dimensional
gauge fields compactified on the internal manifold, and the gauge invariance protects the
masses of the ALPs from perturbative contributions [24]. These ultralight ALPs interact
with matter and SM gauge fields except for QCD. The ALP decay constants may range,
roughly, from fa ∼ 109 − 1018 GeV, which means that the ALP-matter interactions are
heavily suppressed since they arise through higher-dimensional operators suppressed by
this scale. The upper bound on fa arises from the theoretical assumption that the decay
constant is smaller than the Planck scale, while the lower bound on fa is determined by
stellar cooling and laboratory searches [25]. There is currently significant effort dedicated
to searching for ultralight ALPs and the QCD axion in the laboratory and in astrophysical
environments (see [25–27] for recent reviews).

In this work, we consider the possibility that at least one of the axion1 mass eigenstates
may be much heavier than the eV scale because of instantons from a dark gauge group.
In particular, through a coupling aGdG̃d/fa to the dark gauge group with gauge field Gd,
the heavy axion acquires a mass ma ∼ Λ2

D/fa, with ΛD being the dark confinement scale.
If the dark gauge group unifies with the Standard Model (SM) near the Grand Unified
Theory (GUT) scale then we show it is natural to expect ΛD ∼ 104 − 1010 GeV, for low-
dimension dark gauge groups such as SU(2) or SU(3).2 Assuming fa is also around the
GUT scale (∼ 1015 − 1017 GeV) this then implies ma ∼ eV − 0.1 PeV, though the heavy
axion mass could be beyond this range depending on the dark confinement scale and decay
constant. We show that if the axion is in the keV–MeV mass range it may explain the
observed DM abundance. A crucial ingredient to this story, however, is a period of early
matter domination induced by the dark glueballs that dilutes the otherwise over-abundant
population of cold axions. For earlier work on heavy axion DM, but without this dilution
mechanism, see e.g. [30–34]. We also note that in the context of the axiverse and as

1Throughout the rest of this Article we refer to all ALPs as ‘axions’ for simplicity, with the axion that
solves the strong CP problem distinguished as the QCD axion.

2See [28, 29], however, which claim that in certain F-theory constructions lower confinement scales may
be preferred.
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a general mechanism, a dark glueball-induced dilution would also dilute the QCD axion
abundance so as to allow for larger values of fa.

The axion DM may decay today to two photons to give rise to monochromatic X-
ray and gamma-ray lines. Such signatures can be searched for with existing telescopes
such as XMM-Newton, Chandra, NuSTAR, INTEGRAL, and COMPTEL [27]. Here, we
reinterpret existing limits from these telescopes on decaying DM in the context of the
heavy axion DM model. We further show that future telescopes in the keV–MeV range
offer significant discovery potential for heavy axions. In particular, we project sensitivity
to heavy axion DM from the possible e-ASTROGAM [35] and AMEGO [36] missions in
the MeV band that are currently being proposed (see [37] for additional proposals). These
telescopes will improve the sensitivity to MeV sources by orders of magnitude, and we
show that this will provide significant discovery potential for decaying heavy axion DM.
The recently-launched eROSITA X-ray telescope may provide an incremental increase in
sensitivity in the X-ray band [38, 39], while larger leaps in sensitivity will arise from next-
generation X-ray telescopes such as Athena [40, 41] and THESEUS [42] that will probe
natural parameter space where we may expect a decaying axion DM model to appear.
The keV–MeV axions proposed in this work provide strong motivation for pursuing next-
generation telescopes across this energy range. The observable signature of axion DM decay
is similar to that of keV-scale mass sterile neutrino DM [43], but such models have been
increasingly in tension with data [44–46]. On the other hand, much of the best-motivated
parameter space for heavy axions, as we show, has yet to be covered experimentally.

As we show, achieving the correct DM abundance without significant fine-tuning of
the initial axion misalignment angle requires the reheat temperature from glueball decay
to be O(MeV−GeV). With such low values of the reheat temperature, it is interesting
to know whether successful baryogenesis can occur. We demonstrate that in addition to
having a keV–MeV mass axion explaining the DM abundance, an even heavier axion state
may give rise to the observed baryon asymmetry through spontaneous baryogenesis [47].
Spontaneous baryogenesis proceeds through leptogenesis, with the Weinberg operator [48]
providing lepton number violation and the oscillating heavy axion field providing a time-
dependent chemical potential for lepton number [49, 50]. Thus a lepton asymmetry can
develop in thermal equilibrium. This lepton asymmetry is then converted to an initially too
large baryon asymmetry through electroweak sphalerons. The baryon asymmetry is sub-
sequently diluted to the observed value by the entropy dilution induced from the glueballs
of the same dark sector that gives rise to the lighter keV–MeV scale axion DM. Therefore,
we can explain both the primordial DM and baryon abundances in this scenario with two
heavy axions.

As for the case of the axiverse, motivation for considering dark gauge groups arises
from String Theory constructions, which may give rise to non-abelian dark gauge sectors,
including in the hetorotic string, type II string theory models, M-theory, and F -theory
(see, e.g., [51–68]). In particular, at energy scales well below the GUT scale, the gauge
group may be written as GSM×Gdark, where GSM is the SM gauge group and Gdark is the
dark gauge group. No SM matter is charged under Gdark. In this work we show, through
explicit constructions based on, e.g., an SU(8) group, that such dark gauge sectors can
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also arise in orbifold GUT models where GSM and Gdark unify into a single non-abelian
gauge group. Note that while dark glueballs may themselves be the DM, as discussed first
in [69] and further elaborated upon in e.g. [68, 70–82], in this work we assume the glueballs
decay before big bang nucleosynthesis (BBN). Scalar (moduli) DM may also arise in String
Theory constructions with similar phenomenology to the heavy axions discussed in this
work [83]. For previous discussions of the unification of dark gauge groups with the SM
see, e.g., refs. [84–86].

The remainder of this Article is organized as follows. In section 2 we discuss the field
theory of multiple axions connected to non-abelian, confining dark sectors. We describe
the axion masses, decay constants, and couplings to matter that would naturally arise in
the presence of such dark sectors. In section 3 we describe the cosmology in the presence of
the associated glueballs of the confining dark sector. We show that such glueballs give rise
to an early matter dominated era and naturally avoid the DM overclosure problem, making
the heavy axions a suitable DM candidate. The resulting axion DM can decay into a pair
of photons, and we show that the existing and proposed X-ray and gamma-ray missions
are capable of probing much of the motivated parameter space. In section 4 we first show
that an even heavier axion can lead to successful baryogenesis through the mechanism
of spontaneous baryogenesis. Subsequently, we discuss a scenario in which the presence
of two heavy axions can explain both the observed DM and baryon abundances through
their connected cosmological evolution. To give an example of how such confining dark
sectors might arise, in section 5 we construct an extra-dimensional orbifold GUT model,
describing a breaking pattern SU(8)→ SU(3)D ×GSM. The dark axion naturally emerges
in this scenario from a higher-dimensional gauge field. We conclude in section 6.

2 keV–PeV axions from confining dark sectors

In this section we motivate keV–PeV scale axions from confining dark sectors. We claim
that such heavy axion states arise generically in axiverse models with dark gauge groups.
In particular, we assume that well below the GUT scale, the gauge group of nature may be
written as GSM×Gdark. For simplicity we assume that the dark sector has no light matter
content. Importantly, all interactions between the dark sector and the visible sector occur
through higher-dimensional operators. We consider a scenario where GSM and Gdark are
unified at some high scale MGUT ∼ 1015 − 1017 GeV, whereas they still interact through
an intermediate scale Λ . MGUT. Explicit, example constructions of GSM and Gdark
unification in an extra dimensional framework are given in section 5.

2.1 Field theory considerations in the axiverse with confining dark sectors

The confinement scale of the dark sector ΛD is related to the ultraviolet (UV) coupling
αUV at the energy scale ΛUV via the relation

ΛD = ΛUV exp
(
− 2π

3TGdarkαUV

)
, (2.1)

where TGdark is the dual Coxeter number, which is N for Gdark = SU(N), and assuming that
the dark sector is N = 1 supersymmetric. If the dark gauge group is not supersymmetric
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then we may use the one-loop β-function to estimate the dark confinement scale, which
leads to an analogous expression to (2.1) but with TGdark → 11C2/9, with C2 the quadratic
Casimir (C2 = N for SU(N)).

We assume no light matter charged under Gdark. Let us suppose that the dark
sector unifies with the visible sector at ΛGUT ≈ 1016 GeV, with αUV ≈ 1/24, as moti-
vated by supersymmetric grand unification [87]. Then, taking Gdark = SU(2) we find
ΛD ≈ 105 GeV (ΛD ≈ 107 GeV) for the supersymmetric (non-supersymmetric) theory; if
instead Gdark = SU(3) then the dark confinement scale rises to 5× 108 GeV and 1010 GeV
for the supersymmetric and non-supersymmetric theories, respectively. Matter content in
the dark sector may further lower the confinement scales. Moreover, the assumed value
αUV ≈ 1/24 is suggestive but may deviate in any particular GUT model, which broadens
the possible confinement scales. Thus, for most of this work we remain somewhat agnostic
as to the scale ΛD, though high confinement scales ∼ 105 − 1010 GeV appear to be natural
expectations.

We assume that there are N axions ai, with i = 1, · · · , N , that have ultralight bare
masses (much lighter than the QCD axion mass). The axions will acquire non-trivial
potentials through their couplings to Gdark and to the visible SU(3)c. In principle, Gdark
may have multiple confining sub-sectors. For the moment, however, we take Gdark to be
a simple Lie group, whose confinement scale is assumed to be much larger than ΛQCD.
(Later, we consider the scenario where Gdark is the product of two simple Lie groups, one
of which gives rise to the DM axion and the other produces the heavy axion that leads to
baryogenesis.) We denote the field strength as Gad,µν , with a a dark color index. Then, the
relevant terms in the Lagrangian are

L =
∑
i

αd
8π

cidai
fa

GadµνG̃
µν
d a , (2.2)

where fa is the decay constant giving the scale of the ultraviolet completion to the axion
sector, αd is the dark gauge coupling, and the cid are dimensionless coefficients that describe
the magnitude of the coupling of each axion to the dark gauge group. Effectively we treat
the axions ai to have decay constants fa/|cid|, but we chose to factor out the common scale
fa; in particular, we assume that in the UV completion each axion field ai is periodic with
period 2πfa/|cid|. At energies well below the dark confinement scale, instantons in the dark
sector generate a potential for the axions, which for small displacements is of the form

V ≈Λ4
D

(∑
i

cidai
fa

+ θ̄D

)2

, (2.3)

where θ̄D is the CP-violating theta-angle of the dark sector. The canonically normalized
axion mass eigenstate is given by

aD =
∑
i c
i
dai√∑

i(cid)2
, (2.4)

and the axion mass is

ma ≈
Λ2
D

f̃a
≈ 1 MeV

( ΛD
106 GeV

)2(1015 GeV
f̃a

)
. (2.5)
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We define f̃a ≡ fa/
√∑

i(cid)2, such that the axion coupling to the dark gauge group is

L = αd
8π

aD

f̃a
GadµνG̃

µν
d a . (2.6)

If we assume that all of the cid are order unity, then f̃a ∼ fa/
√
N . The axion aD has

domain wall number N in this construction with respect to the dark gauge group; that
is, aD is periodic with period N × 2πf̃a, but the dark-gauge-group-induced potential is
periodic with period 2πf̃a.

Let us now consider the couplings of the axion aD to other gauge sectors. In particular,
we assume that the ensemble of axions, ai, interact with a gauge group specified by field
strength Gµν and coupling strength α by the terms

L =
∑
i

α

8π
diai
fa

GµνG̃
µν = α

8π
dDaD

f̃a
GµνG̃

µν + · · · , (2.7)

where the di are dimensionless constants. Note that this gauge group may represent an
additional confining dark gauge group, the visible QCD sector, or U(1)EM; the point we
make about this coupling is generic assuming that the confinement scale for Gµν , if it
confines, is much lower than ΛD. In the second equality in (2.7) we have isolated the
interaction of aD and left off the other N − 1 axion states. The dimensionless coupling dD
can be written as

dD =
∑
i c
i
dd
i∑

i(cid)2 . (2.8)

Under the assumption 〈cid〉 = 〈di〉 = 〈ciddi〉 = 0 and 〈(cid)2〉 = 〈(di)2〉 = 1, with brackets
denoting correlations over statistical realizations of the couplings, then 〈d2

D〉 ≈ 2/N . This
is important because it suggests that in an axiverse with N axions the couplings of massive
axion states to gauge groups with lower confinement scales will be suppressed by ∼ 1/

√
N .

Of course, the exact suppression depends upon the distributions of axion couplings to the
various gauge groups, but generically we may expect the couplings of the massive axion
state to the other gauge groups to be suppressed. (See [88] for a similar observation in the
context of axion reheating through couplings to gauge sectors in F-theory.)

As an aside from the heavy axion discussion, consider the IR coupling of the QCD axion
to electromagnetism, at energy scales below the QCD confinement scale in the context of
the axiverse:

L = Caγγ
αEM
8π

aQCD

f̃a
F̃µνF

µν , (2.9)

where we have identified f̃a with the decay constant of the QCD axion mass eigenstate,
which is generically a factor of 1/

√
N smaller than the decay constants of the ai axion states,

assuming the appropriate cid coefficients are order unity and uncorrelated. Note that for
this particular discussion the presence of a possible dark gauge sector does not play an
important role. The IR coefficient Caγγ = CUV

aγγ + CQCD
aγγ has an ultraviolet contribution

CUV
aγγ and a contribution from mixing of the neutral pion, CQCD

aγγ ≈ −1.92(4) [89]. The UV
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contribution is typically written as CUV
aγγ = EQCD/NQCD, where EQCD (NQCD) is the elec-

tromagnetic (QCD) anomaly coefficient. The argument above suggests that in an axiverse
with N nearly degenerate (in decay constant) axions, we expect the QCD mass eigenstate
to have NQCD ∼ N while EQCD ∼

√
N , and thus EQCD/NQCD ∼ 1/

√
N . This then implies

that the infrared observer should measure Caγγ ≈ CQCD
aγγ , which is the expectation for the

KSVZ field theory axion model [90, 91]. In contrast, in models where the QCD axion cou-
ples to the SM in a way compatible with Grand Unification we expect EQCD/NQCD = 8/3
(see, e.g., [92]), leading to the DFSZ-type expectation Caγγ ≈ 0.75 [93, 94]. Note that the
axiverse scenario could still lead to the DFSZ-type Caγγ if all of the axions share the same
GUT-compatible coupling to the SM gauge groups, as that would violate our assumption
that the ci are uncorrelated. For a recent discussion along these lines see [95].

Moreover, we note that the QCD axion decay constant, as defined through the coupling
of the axion to QCD, is reduced by a factor ∼

√
N from the naive expectation in the axiverse,

assuming uncorrelated coupling coefficients. (The decay constant would be reduced by
∼N if the couplings are correlated.) This has important implications for axion laboratory
experiments such as ABRACADABRA and DM Radio [96–99], as it suggests that decay
constants as low as, e.g., ∼ 1013− 1014 GeV could be directly connected with GUT models
in the context of the axiverse with a large N number of axions.

Returning to the heavy axion story, we note that the same logic applied above to the
QCD axion also suggest that heavy axion axion-photon coupling coefficients Caγγ ∼ 1/

√
N

might be expected in the axiverse, as the heavy axions have only UV contributions to the
electromagnetic coupling. For example, Caγγ ∼ 0.1 could be expected for N ∼ 102 axions.

In addition to the axion-photon coupling we also consider the axion-electron coupling,
which for an axion a is

L = Caee
∂µa

2 fa
ēγµγ5e , (2.10)

where Caee is the dimensionless coupling coefficient and e is the electron field. Depending
on the UV completion this coefficient may be zero or non-zero in the UV, though given an
axion-photon coupling it is generated at one-loop under the renormalization group. We use
this operator when considering axion decays to electron-positron pairs, where kinematically
allowed.

3 Axion cosmology with early matter domination from dark glueballs

In this section we discuss heavy axion cosmology and show, in particular, that the correct
DM abundance may naturally arise if there is a period of early matter domination. The
early matter domination, ending with a low reheat temperature TRH, can naturally arise
in the context of the heavy axion theory, with no additional ingredients beyond the heavy
axion and its associated dark gauge group, because of the dark glueballs.

3.1 Signatures of heavy axion dark matter

Let us first suppose that there is a heavy axion in the keV–MeV mass range, whose mass is
generated from a confining dark sector as described previously, that makes up the observed
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DM. If the axion mass is less than twice the electron mass then the only kinematically-
allowed option for the axion to decay is into two photons. (Note that heavy axion decays
to lighter axions will generically be suppressed relative to axion decays to two photons and
to electron-positron pairs.) The decay rate of the axion to two photons is given by

τa→γγ = 256π3

α2C2
aγγ

f2
a

m3
a

≈ 9.6× 1027 s
(

0.1
Caγγ

)2 (0.1 MeV
ma

)3 ( fa
1015 GeV

)2
. (3.1)

Above, and in the remainder of this Article, we depart from the notation in the previous
section for simplicity and take f̃a → fa to be the axion decay constant such that ma ≈
Λ2
D/fa (see (2.5)). Interestingly, while much longer than the age of the Universe, DM

lifetimes on the order of those in (3.1) are at the edge of sensitivity of present-day X-ray
and gamma-ray telescopes, as we discuss later in this Article.

When ma > 2me, with me the electron mass, the axion may also decay to e+e− pairs,
with partial lifetime (see, e.g., [100])

τa→e+e− = 8πf2
a

mam2
e

1
C2
aee

[
1− 4m

2
e

m2
a

]−1/2

≈ 4× 1018 s
( 0.1
Caee

)2 (2 MeV
ma

)(
fa

1015 GeV

)2
.

(3.2)

Thus, the axion to e+e− pair decay channel may dominate the total lifetime. In fact, this
may be true even if Caee vanishes in the UV and is only generated under the renormalization
group. The IR value of Caee in that case depends on the relative coupling of the axion to
U(1)Y versus SU(2)L, but one generically expects |Caee/Caγγ | ∼ 10−4 − 10−3 [101–103].
Thus, depending on |Caee/Caγγ |, the total lifetime for ma & 2me could be dominated by
the decay to e+e− pairs. The total lifetime must be sufficiently long compared to the age
of the Universe for the axion to be a DM candidate. This requirement itself limits the fa
that may be realized for tree-level Caee and ma ∼ O(1)MeV. However, the constraints on
τa→γγ are much stronger than those on τa→e+e− . For example, for ma ∼ 2 MeV, the lower
bound on the axion decay rate to photons is τa→γγ & few× 1027 s, while for electrons it is
τa→e+e− & 1024 s [104]. Thus, we conclude that for ma > 2me, DM decays to e+e− pairs
generically rule out axion DM with tree-level couplings to electrons, for fa all the way up
towards the Planck scale, while in the case of loop-induced axion-electron couplings the
probes using decays to two photons are more powerful. For this reason, throughout the rest
of this Article we assume that for ma > 2me the axion-electron coupling is loop induced,
so that we may focus solely on the decay channel to γγ.

3.2 Cosmology of heavy axion dark matter with and without early matter
domination

A central impediment, however, to the possibility of keV–MeV scale axion DM is that
assuming the standard cosmology, DM is overproduced by orders of magnitude. From the
misalignment mechanism, assuming the axion field starts with a constant initial field value
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aD(t = 0) = θifa and its mass ma is temperature independent, the DM abundance is
determined to be

Ωah
2|RD ≈ 0.12

(
θifa

2× 1013 GeV

)2 ( ma

1 µeV

) 1
2
( 90
g∗(Tosc)

) 1
4
, (3.3)

in the limit |θi| . 1 where anharmonicities of the axion potential may be ignored. Here
g∗(Tosc) is the effective number of degrees of freedom in the radiation bath when the axion
starts to oscillate atma = q0H(Tosc), with q0 ≈ 1.6 (see e.g. [105]). (Here we ignore possible
temperature dependence of the axion mass, though we will return to this possibility later
in this Article.) Given that cosmic microwave background (CMB) measurements indicate
Ωah

2 ≈ 0.12 [106], masses ma ∼ keV–MeV appear heavily disfavored, unless the initial
misalignment angle is severely tuned. One possibility is that the tuning could appear for
anthropic reasons, as has been discussed, e.g., for the QCD axion with GUT-scale decay
constant [10]. However, in this Article we explore dynamical mechanisms that may create
the correct DM abundance without requiring anthropic tuning of θi.

A key point of this work is that we may naturally match the observed abundance of
DM for such massive axions by assuming that the Universe went through a period of early
matter domination. We will later show that the early matter domination may arise from
the dark glueballs. The DM abundance from the misalignment mechanism may generically
be written as [105]

Ωa = 1
2
m2
af

2
aθ

2
i

ρc

(
Rosc
RRH

)3 ( T0
TRH

)3 g∗S(T0)
g∗S(TRH) ,

(3.4)

where TRH is the reheat temperature after early matter domination, assuming instanta-
neous reheating, T0 is the temperature today, ρc is the critical density, and Rosc (RRH) is
the scale factor at Tosc (TRH). The evolution is assumed to be adiabatic below TRH, and
we assume for now that ma is temperature independent. The scale factor ratio appearing
in (3.4) may be simplified by using the equation of state H2 ∝ R−3(w+1), with w = 0
(w = 1/3) for matter (radiation) domination. Assuming a standard radiation dominated
cosmology in (3.4), in which case TRH is any intermediate reference temperature, then leads
to the result quoted in (3.3). On the other hand, if we suppose that the axion starts to
oscillate during a period of early matter domination, with instantaneous reheating at TRH,
then the dependence of Ωa on ma and g∗S(TRH) cancels, leading to the result [105]

Ωah
2
∣∣∣
EMD

≈ 0.12
(

θifa
1015 GeV

)2 ( TRH
10 MeV

)
. (3.5)

Note that if the axion starts to oscillate during radiation domination, with the Universe
subsequently going through a period of early matter domination, the expression for Ωah

2

in (3.5) is enhanced by the ratio (Tosc/TEMR), where TEMR is the temperature of matter-
radiation equality at the beginning of the early matter domination epoch. Thus, we see
heavy axions can indeed constitute all of DM for GUT-scale fa without fine tuning in
the initial misalignment θi, provided TRH is sufficiently low. In the next subsection we
show that such a period of early matter domination, with low reheating temperature,
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may naturally arise from glueballs in the dark sector. Note that successful BBN requires
TRH > 4MeV [107, 108]; i.e., the glueballs must have decayed to give rise to a radiation
dominated cosmology below this temperature. Therefore this determines the lower limit of
TRH in the subsequent analyses.

3.3 Early matter domination from dark glueballs

In the absence of any fermionic states in the dark sectors, the glueballs arising from confine-
ment of Gdark would typically be long-lived. They can still decay into SM states through
higher-dimensional couplings to the SM Higgs, which we parameterize by

L ⊃c6αD
4π GadµνG

µν
d a

H†H

Λ2 + c̃6αD
4π GadµνG̃

µν
d a

H†H

Λ2 . (3.6)

Here Λ is a generically high scale and can be of the order of the GUT-scale or lower. The
dimensionless coefficient c6 and c̃6 will generically both be of order unity if the UV theory
has CP violation and if the dimension-6 operators are generated at one-loop by couplings
to heavy particles that interact with the SM Higgs and are charged under the dark gauge
group. We provide an explicit construction of this operator along these lines in section 5
in this Article.

Let us assume that the lightest glueball, which is the JPC = 0++ state, has mass m0+ .
We focus on the c6 operator since it is the relevant one for the decay of the 0++ glueball
in the limit of vanishing θ-angle, which is accomplished by the dark axion.3 Furthermore,
in a CP-violating theory, the heavier glueball states would be even more unstable, and
therefore we consider only the 0++ glueball from here on.4 It is convenient to define the
matrix element 〈0|GadµνG

µν
d a|0++〉 ≡ 2F0+ and the dimensionless constant f0+ through

the relation 4παDF0+ = f0+m3
0+ , in order to factor out renormalization group and scale

dependence. The quantity f0+ has been computed in lattice QCD for pure SU(3) gauge
theory to be f0+ ≈ 3.06, with the dependence on the number of colors Nc expected to be
minor for Nc ∼ 3 [110]. We may then parameterize the glueball decay rate, in the limit
m0+ � mh, with mh the Higgs mass, as [111]

Γ0++→SM ≈ 9 × 10−2 s−1c2
6

(
m0+

107 GeV

)5
(

1014 GeV
Λ

)4

. (3.7)

Note that the glueball decays to pairs of SM Higgs bosons, pairs of Z bosons, and W+W−

with relative rates 1 : 1 : 2, respectively.
The ratio x ≡ m0+/

√
mafa is expected to be order unity and is independent of the dark

confinement scale ΛD, though it may have minor dependence on the number of dark colors.
This ratio is important for determining the cosmological history for the simple reason that

3A residual, oscillating θ angle may be present from the oscillating axion field about its minimum, but
this possibility does not affect the arguments below, as it would simply introduce a small, time-dependent
mixing between the CP even and odd glueball states.

4Note that some of the higher-spin glueballs, such as the 1+− state, may require higher-dimensional
operators to decay; however, the relic DM abundance of these states is subdominant in the parameter space
we consider [109].
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the glueball decay rate in (3.7) depends on m0+ to the fifth power, so factors order unity
in the relation between the confinement scale and the glueball mass become amplified. At
a more precise level, the axion mass is related to the topological susceptibility χt through
the relation m2

a = χt/f
2
a . The topological susceptibility has been computed in lattice QCD

for SU(2) and larger Nc gauge theories [112]. The glueball mass spectrum has also been
computed in lattice QCD [113]. Combining these results we estimate x ≈ 7.92 (x ≈ 8.35)
for SU(2) (SU(Nc →∞)) gauge theory. Given that the dependence on Nc is minor, in the
following calculations we simply take x = 8.

We assume that after inflation both the dark sector and the visible sector are reheated;
we denote the ratio of entropy densities between the two sectors as B ≡ SD/Svis, with SD
(Svis) the dark (visible) sector entropy density. In this section we work in the limit B � 1,
though our results are not sensitive to B so long as B & 1 (though B � 1 is a qualitatively
different regime). We take the dark confinement phase transition to take place at the
critical temperature Tc. For T > Tc, with T the temperature in the dark sector, the dark-
sector energy density, which is the dominant energy density in the Universe by assumption,
redshifts as radiation.

We work in the approximation where at T = Tc the dark gluons are instantaneously
converted to glueballs, which then redshift like non-relativistic matter. This approximation
is justified because the duration of the phase transition is expected to be much less than
a Hubble time with a small degree of supercooling (see, e.g., [114]). See, e.g., [69, 74, 109]
for more careful computations of O(1) corrections to this approximation accounting for
glueball freezeout and number changing processes. Thus, for T < Tc the Universe is matter
dominated. Matter domination ends when the 0++ glueball decays to SM final states,
leading, in the instantaneous decay approximation, to a visible-sector reheat temperature
TRH determined by:

π2

30g∗(TRH)T 4
RH = 4

3M
2
plΓ2

0++→SM , (3.8)

with g∗(TRH) the degrees of freedom in the visible sector at TRH. To derive the right hand
side above, we assume that the glueballs instantaneously decay at t = Γ−1

0++→SM, and we use
the fact that glueball energy density determines the Hubble parameter during the period
of early matter domination. Note that this implies a reheating temperature

TRH ≈ 5 MeV
( 10.8
g∗(TRH)

)1/4
c6

(
m0+

3× 107 GeV

)5/2
(

1014 GeV
Λ

)2

. (3.9)

Referring back to (3.5), we see that this reheating temperature is sufficiently low such that
we may have Λ and fa in the range ∼ 1014-1016 GeV and produce axions that make up the
observed DM, without the need for (much) fine-tuning of the initial misalignment angle.

However, in the above discussion we crucially make the assumption that the heavy
axion starts oscillating during matter domination. Let us revisit this assumption to see
under what conditions it holds. The ratio of the critical temperature to the topological
susceptibility may be computed using lattice QCD results [115] as

Tc√
mafa

≈ 1.6− 0.8
N2
c

, (3.10)
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for Nc dark colors. Recall that the axion field begins to oscillate at the temperature Tosc
where ma = q0H(Tosc); for T > Tc, H ≈ π√

90
√
g∗T

2/Mpl, where g∗ = 2(N2
c − 1) is the

number of degrees of freedom in dark gluons. Thus, we see that the dark axion begins to
oscillate at T < Tc if fa & 9.4 × 1017 GeV (fa & 1.2 × 1018/NcGeV) for SU(2) (SU(Nc)
with Nc � 1), in which case the axion begins to oscillate during matter domination.

Let us consider a benchmark scenario for which the axion beings to oscillate during
matter domination. We take Nc = 2 and saturate fa = 9.4×1017 GeV, such that Tosc = Tc.
Then, requiring a reheat temperature of TRH ≈ 5MeV means that the correct DM density
is only achieved if the initial misalignment angle is tuned such that |θi| ≈ 1.5 × 10−3

(see (3.5)). The tuning may be partially alleviated by having the axion begin its oscillation
before Tc, as we discuss now.

For Tosc > Tc, we need to account for the temperature dependent axion mass to
determine Tosc, since ma(T ) → 0 for T much larger than Tc, while ma(T ) asymptotes to
its zero temperature value ma at T ≈ Tc. For T/Tc � 1 we may reliably use the dilute
instanton gas approximation (DIGA) to calculate [116]:

ma(T ) ≈

ma

(
Tc
T

)b
, T > Tc

ma, T ≤ Tc ,
(3.11)

where b = 11Nc/6 − 2 for pure SU(Nc). We then solve for Tosc by setting ma(Tosc) =
qTH(Tosc), with qT = (4/5)(2 + b) [105], which yields the ratio

Tosc
Tc
≈

 3
√

10

qTπ
√
g∗
(
1.6− 0.8

N2
c

)2
Mpl
fa


1

2+b

≈

5.5
(

1015 GeV
fa

)0.27
, Nc = 2

2.6
(

1015 GeV
fa

)0.18
, Nc = 3

. (3.12)

The DM abundance is computed starting from the number density of axions present at
Tosc: na(Tosc) = 1

2ma(Tosc)f2
aθ

2
i . The number density is diluted over time, such that at

reheating the energy density in axions is ρa(TRH) = 1
2ma(Tosc)maf

2
aθ

2
i (Rosc/RRH)3. The

scale-factor ratio is given by (
Rosc
RRH

)3
=
(
Tc
Tosc

)3 (HRH
Hc

)2
, (3.13)

where Hc is the Hubble rate at Tc. Further evolving ρa down to today and comparing to
ρc yields the result

Ωah
2 ≈ 0.12 θ2

i


(

fa
1013 GeV

)1.27 ( TRH
10 MeV

)
, Nc = 2(

fa
4.3·1012 GeV

)1.18 ( TRH
10 MeV

)
, Nc = 3.

(3.14)

For Nc = 2 this implies that for an order one initial misalignment angle and a reheat
temperature TRH ≈ 10MeV the correct DM abundance is obtained for fa ≈ 1013 GeV. If
we require fa ≈ 1015 GeV and allow TRH ≈ 5MeV, then the correct DM abundance may
be obtained by tuning the initial misalingment angle to |θi| ≈ 0.1. If instead Nc = 3, then
fa ≈ 1015 GeV and TRH ≈ 10MeV would require |θi| ≈ 0.04.
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XGIS-S
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Λ > 1013 GeV
|θi| > 0.01
0.05 < |Caγγ| < 1

|θi| > 0.1

Λ > 1014 GeV

Λ > 1015 GeV

fa = 1015 GeV, Caγγ = 0.1

Figure 1. Parameter space for heavy axion DM. The shaded green regions illustrate where the
heavy axion can constitute all of DM subject to restrictions on Λ, the scale of the dim-6 operator
mediating glueball decay, θi, and Caγγ , as indicated. The reheat temperature after glueball decay
is taken to be TRH > 5MeV to satisfy the constraint from BBN. In grey we show existing constraint
from decaying DM searches, as well as projected reaches of the proposed AMEGO (with both
tracked (TC) and untracked Compoton (UC) scattering), THESEUS (with instruments SXI, XGIS-
X, XGIS-S), and Athena missions. We also show the axion DM lifetime as a function of its mass
for a representative choice of fa = 1015 GeV and Caγγ = 0.1. See text for more details.

To discuss the properties of the glueballs, we now consider the scenario where Nc = 2,
fa ≈ 1015 GeV, θi ≈ 0.1 and TRH ≈ 5MeV to have the correct DM abundance. Then for
ma ≈ 0.1MeV (to have a sufficiently large DM lifetime) the dark 0++ glueball mass is
m0+ ≈ 2.5 × 106 GeV. This implies that the dark confinement scale is ΛD ≈ 4 × 105 GeV
(using the relation of the M̄S perturbatively-computed (at 3-loop order) confinement scale
to the string tension from lattice QCD in [112]). To achieve the above reheat temperature
we then need Λ ≈ 4 × 1012 GeV for c6 = 1. Referring to (3.1), the partial lifetime of
the axion DM to two photons would then be ∼ 1028 s for Caγγ ∼ 0.1. As this example
illustrates, decaying heavy axion DM, with lifetimes slightly beyond current probes, may
be naturally achieved with minimal tuning due to the period of early matter domination
that is necessarily generated by the dark glueballs.

In figure 1 we extend this example to illustrate how the DM partial lifetime to two
photons depends on the axion mass for different constraints on the initial misalignement
angle, reheat temperature, axion-photon coupling, and scale Λ that induces glueball decay.
Across the entire parameter space shaded in green we require TRH > 5MeV, Λ > 1013 GeV,
|θi| > 10−2, and 0.05 < |Caγγ | < 1, in addition to fa > 1014 GeV. Note that we additionally
allow |c6| ≤ 1, since this operator is expected to be generated at one loop. The darker
shaded green regions impose more stringent constraints, as indicated. Note that if not
otherwise stated, the constraint is the same as that described above. The blue line, on the
other hand, shows the lifetime obtained by fixing fa = 1015 GeV and |Caγγ | = 0.1, while
varying |θi| and Λ to obtain the correct DM abundance at every ma.
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In figure 1 we compare our lifetime predictions to existing constraints and projected
reaches from space-based X-ray and gamma-ray telescopes. The existing constraints are
shaded in grey and arise from searches for X-ray and gamma-ray lines from (from left
to right) XMM-Newton [46, 117], NuSTAR [44, 45, 118], INTEGRAL [119], and COMP-
TEL [120]. In the X-ray band these searches were primarily performed to search for sterile
neutrino DM, which may decay into a monochromatic X-ray line in addition to an (un-
observed) active neutrino, by looking for X-ray lines from DM decay in the ambient halo
of the Milky Way. Above ∼ 200 keV the sensitivity to decaying DM will increase substan-
tially in the coming years with instruments such as the AMEGO [36] and e-Astrogam [35]
missions, which are in their planning stages. In figure 1 we show the projected reach of
AMEGO to DM decaying to two gamma-ray lines from ∼200 keV to ∼5MeV. AMEGO (or
e-Astrogam) will improve the DM lifetime sensitivity by up to four orders of magnitude,
depending on the DM mass. Our computation of the AMEGO projections is described
in appendix A. Note that our AMEGO projections only account for statistical uncertain-
ties to show the maximal possible science reach, though systematic uncertainties could be
important and further limit the achievable lifetimes [121].

In the X-ray band we show the projected sensitivity of the planned Athena mission,
which may launch in the mid 2030’s [122], though the instrument specifications may evolve
before this date. Athena will have two instruments: the Wide Field Imager (WFI) and
the X-ray Integral Field Unit (X-IFU). The X-IFU will have excellent spectral resolution
(∼ 5 eV versus ∼ 100 eV for WFI) but a smaller field of view (∼ 0.014 deg2 versus ∼ 0.7
deg2 for WFI). Both instruments will have similar effective areas (nearly a m2), which are
approximately an order of magnitude above those from XMM-Newton. In fact, the WFI
is comparable to the instruments onboard XMM-Newton except for the effective area. For
a search for DM decay in the ambient Milky Way halo, the signal and background fluxes
are proportional to the angular size of the field of view and to the effective area, while the
background flux decreases linearly with the energy resolution. The Z-score associated with
an axion signal may be estimated as S/

√
B for a background-dominated search, where S

(B) is the number of signal (background) counts. Thus, we estimate that the WFI and X-
IFU instruments will have comparable sensitivity. The sensitivity of the WFI instrument to
DM decay may be roughly projected by taking the projected sensitivity to DM decay from
XMM-Newton and re-scaling the lifetimes by

√
10 to account for the increase in effective

area (assuming the same total data taking time as in the XMM-Newton analysis, which is
around 30 Ms [46]). We show this rough, projected Athena sensitivity in figure 1.

In figure 1 we also show the projected sensitivity of the THESEUS mission con-
cept [123]. THESEUS [42] is not an approved mission at this point but represents what
may be possible in the future. THESEUS is proposed to carry three instruments relevant
for axion searches — SXI, XGIS-X, XGIS-S — which would collectively cover an energy
range from below a keV to above an MeV. The advantage of these instruments over, e.g.,
those on Athena is the large field of view, which for THESEUS is around 1 sr across most of
the energy range. Given the comparable effective area to Athena, THESEUS would provide
superior sensitivity in the mass range where the two instruments can be compared. THE-
SEUS would also provide a transformative improvement in sensitivity near the keV scale
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and extend to higher masses where e.g. AMEGO would operate, though at reduced sensi-
tivity. On the other hand, we note that the THESEUS instruments do not have improved
energy resolution (with ∼ 200 eV resolution at a few keV). This means that systematic
uncertainties may be important for THESEUS and could ultimately limit the sensitivity in
certain mass ranges. (Systematic uncertainties related to background mismodeling already
limited the sensitivity of the XMM-Newton search for decaying DM in [46], and THE-
SEUS would have far reduced statistical uncertainties relative to those in that analysis.)
Improved energy resolution is useful in part because it limits the total number of photon
counts needed to achieve the target sensitivity, which means that statistical uncertain-
ties are more important, relative to systematic uncertainties, compared to searches using
telescopes that achieve the same sensitivity but with worse energy resolution.

4 Baryogenesis from heavy axions

The axion decay rate scales rapidly with the dark confinement scale ΛD, as noted in
e.g. (3.1); for ΛD & 1010 GeV and GUT-scale fa the axions would decay so quickly that
their cosmological abundance would be depleted before BBN. In this section we explore the
possibility that such a heavy, rapidly-decaying axion could be responsible for baryogenesis.

For axions coupling to gauge bosons, the B or the L current can lead to a non-
negligible baryon asymmetry in the presence of B or L-violation through the mechanism
of spontaneous baryogenesis [47]. Such a scenario with L-violation can naturally arise in
the presence of the Weinberg operator, (H`)2/ΛW + h.c., which can explain the observed
neutrino masses at the same time. Here ` is the left-handed lepton doublet of the SM and
ΛW ∼ 1015 GeV, for which we get mν ∼ 0.05 eV (dropping flavor indices), consistent with
lower bounds on the sum of neutrino masses [124].

A crucial ingredient of the spontaneous baryogenesis mechanism is coherent oscillations
of (pseudo-)scalar fields, which give rise to an ‘effective chemical potential’ for the SM
fermions. Due to this effect, the thermal abundances of fermions and anti-fermions differ,
and as a result an asymmetry between them can develop in the presence of B or L violation.
In the limit of small chemical potential µi � T , the asymmetry for a species i is given
by ∆ni = ni − n̄i ≈ giµiT

2/6, where gi is the multiplicity of that species. The chemical
potential induced by the scalar field, which is an axion in our applications, is determined
by its coherent velocity: µi ∼ ȧ/fa. Thus, the lepton asymmetry at a temperature T is
given by ηL ∝

∑
i=L ∆ni/T 3 ∼

∑
i=L giµi/T ∼ ȧ/(Tfa), where the sum is over all the

leptons.
The above estimate assumes that when the axion begins to oscillate, the processes

mediated by the Weinberg operator are in thermal equilibrium. However, if axion oscil-
lations start at temperatures Tosc lower than TL, the temperature at which the Wein-
berg operator decouples from the bath, then the above estimate is modified to ηL ∼
(ΓW /H(Tosc))×ȧ/(faTosc), where ΓW ∼ T 3/Λ2

W is the rate for scattering processes through
the Weinberg operator. In particular, in this case the produced asymmetry is suppressed
by a ‘freeze-in’-like factor of order ΓW /H(Tosc). Given this suppression, it is clear that
the produced asymmetry is maximized if the onset of axion oscillations happens at TL.
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After this initial production, electroweak sphalerons convert the initial lepton asymmetry
into a baryon asymmetry at the electroweak phase transition, though this processes is
accompanied by a small-but-calculable efficiency factor.

4.1 Baryogenesis without heavy axion dark matter

We begin by considering the possibility that there is a single heavy axion that decays before
BBN and leads to baryogenesis. In the following subsection we generalize from this scenario
to consider the possibility that the dark sector contains two confining gauge groups, leading
to two massive axion states: one axion will be responsible for baryogenesis while the other
will explain the DM.

To track lepton asymmetries, we study the time evolution of the chemical potential
vector µi via the Boltzmann equation [125]:

d

dt

(
µi
T

)
= dT

dt

1
giT
×
∑
α

Ciα
Γα
H

∑
j

(
µj
T

)
Cjα − nSα

(
ȧ

faT

) . (4.1)

Here i = τ, L12, L3, q12, t, b, Q12, Q3, H runs over all the SM species, with numbers refer-
ring to SM generations. Due to the smallness of the Yukawa couplings of the first two
generations, the corresponding interactions are out of thermal equilibrium at the time of
asymmetry generation. Therefore they interact only through flavor universal gauge inter-
actions. Thus we can assume that the SM left-handed lepton doublets L1, L2 have the
same chemical potential and denote them together as L12. The same is also done for SM
left-handed quark doublets Q1, Q2 and right-handed (RH) quarks q1, q2. Along similar
lines, the RH leptons of the first two generations can not interact with the bath given the
absence of SU(3)c and SU(2)L interactions and the smallness of their Yukawa couplings.
Thus, we need not include them. The vector gi counts the number of degrees of freedom
for different species and is given by gi = (1, 4, 2, 12, 3, 3, 12, 6, 4).5

Returning to (4.1), the matrix Ciα describes the charges of various SM species i under
interactions α and is given by,

Ciα =



0 0 −1 0 0 0 0
2 0 0 0 0 2 0
1 0 1 0 0 0 2
0 −4 0 0 0 0 0
0 −1 0 −1 0 0 0
0 −1 0 0 −1 0 0
6 4 0 0 0 0 0
3 2 0 1 1 0 0
0 0 1 1 −1 2 2


. (4.2)

5As a side-note, since the physical processes described in this section take place at a high energy scale
∼ 1012 GeV or even higher, it is possible that additional BSM states beyond those of the SM could be
present in the thermal plasma. In particular, if nature realizes any form of supersymmetry below Tosc then
this could lead to important quantitative and qualitative modifications to the results in this section.
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Here i and α run over row and column indices, respectively. The relevant interactions α
run over weak sphaleron, strong sphaleron, tau Yukawa, top Yukawa, bottom Yukawa,
and the Weinberg operator for the first two generations and the third generation. As
an example, consider i = 8 which corresponds to the left-handed, third generation quark
doublet Q3. This has a non-zero charge of 3 under the weak sphaleron (three colors), 2
under the strong sphaleron (weak doublet), 0 under the tau Yukawa, 1 under both the
top and bottom Yukawa, and 0 under the Weinberg operator. This gives a charge vector
(3, 2, 0, 1, 1, 0, 0), which is the eighth row of Ciα.

The coefficients Γα determine the rate for the interaction α. As examples, for the
dim-5 Weinberg operator (α = 6, 7), Γα ∝ T 3/Λ2

W , whereas for the marginal top Yukawa
interaction (α = 4), Γα ∝ y2

t T . (See appendix B for explicit formulae for all the Γα.)
The axion source vector nSα depends on how the axion couples to the SM. For sim-

plicity, we assume

caG

(
αs

8πfa
aGG̃+ α2

8πfa
aWW̃ + α1

8πfa
aBB̃

)
+ caf

(∑
i

∂µa

fa
Ji

)
, (4.3)

where Ji = f̄iγ
µfi with i running over all left- and right-handed SMWeyl fermions. Here we

chose to have a single coefficient caG determining all the gauge boson couplings, motivated
by grand unification, and a flavor-universal coefficient caf for all the fermionic couplings.
We consider two benchmark choices corresponding to caG = caf = 1 (main Article) and
caG = 1, caf = 0 (appendix C).

With this choice, we may write nSα = caG(ns + n2) + caf (
∑
i Ciα). Here n2 =

(−1, 0, 0, 0, 0, 0, 0) and ns = (0,−1, 0, 0, 0, 0, 0) are determined by the aWW̃ and aGG̃

couplings, respectively. The term
∑
i Ciα originates from summing over all the fermion con-

tributions for a given interaction α and is determined via (4.2) to be (12, 0, 1, 1,−1, 4, 4).
This has a vanishing entry under the strong sphaleron since QCD is a vector-like theory. On
the other hand, the three generations of left-handed quark doublets with three colors each,
and lepton doublets, have a charge of 3×3 + 3 = 12 under the weak sphaleron. Combining
all these contributions, we find nS = caG(−1,−1, 0, 0, 0, 0, 0) + caf (12, 0, 1, 1,−1, 4, 4).

It is useful to understand the physical effects of the various terms in (4.1). First we
focus on the homogeneous contribution. The chemical potential of a species i is affected by
any α under which the species is charged. Furthermore, since all SM states are in thermal
equilibrium, a chemical potential of species j 6= i can also affect that of i, if i and j can
communicate via interaction α. As a toy example, if Ciα were a diagonal n × n matrix,
then (4.1) would reduce to a set of decoupled homogeneous equations for each species i
under its exclusive interaction α. The factor of Γα/H is a standard one denoting the
efficiency of the interaction compared to the Hubble scale.

Next, we focus on the source term nSα. This inhomogeneous term is the one respon-
sible for giving rise to particle-anti-particle asymmetries. In the absence of this term and
assuming there are no initial asymmetries after inflation, we see from (4.1) that µi = 0
continues to be solution at later times; i.e., no asymmetries can develop. Finally, we com-
ment on the role of the Weinberg operator, which is crucial in seeding the asymmetries in
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leptons in the first place. We consider the source term
∑
α Ciα(Γα/H)nSα for the vector

µi. From this term we may derive the final B − L asymmetry by first noting that

µB−L = −(µτ + 4µL12 + 2µL3) + (12µq12 + 3µt + 3µb + 12µQ12 + 6µQ3)/3 . (4.4)

Using the above and writing Γα = (ΓWS ,ΓSS ,Γτ ,Γt,Γb,ΓW12 ,ΓW3), we find the source
term for µB−L to be −8(ΓW12 + ΓW3). In other words, when the Weinberg operator is
absent, a B − L asymmetry does not get sourced, as expected.

To solve (4.1) we need to know the evolution of ȧ as a function of time. The axion
dynamics, however, depend on the temperature evolution of the dark sector, since if the
dark sector has an appreciable temperature then the dark axion mass may acquire non-
trivial time dependence. We begin by considering the simpler scenario where the axion mass
is temperature independent (equivalently, the dark gluons are not thermalized) before we
consider the case of a temperature-dependent axion mass, as we did in section 3.

4.1.1 Heavy axion mass without temperature dependence

As described above, we begin by considering the scenario where ma remains constant as
the Universe evolves. This would be the case if the dark SU(N) sector giving rise to ma

was never reheated after inflation and never came into thermal equilibrium with the SM.
In this case, the dark glueballs are not important for cosmology. However, along with the
cold, misaligned heavy axion population with energy density ρa, there can be a relativistic
axion population. This is because through the axion-gluon coupling, the axions can come
in thermal equilibrium with the plasma if fa < 5× 1015 GeV(αs/(2π))

(
TRH,inf

1014 GeV

)1/2
[126].

Here TRH,inf is the reheat temperature after inflation. Note that if fa is larger than this
critical value there will still be a suppressed, freeze-in contribution of relativistic axions.
Such a relativistic population, with energy density ρth, can also originate from inflaton
decay. For example, if the inflaton has similar couplings to all SM particles and to the
axion, then given the differences in degrees of freedom between the SM and the axion,
we would expect ρth/ρSM ∼ 1/100. This effectively translates into the relativistic axions
having a comparable ‘temperature’ as the SM, even if the two populations were never in
thermal contact. Therefore to be conservative, we assume ρth/ρSM ' 1/100, while noting
that a freeze-in only production would typically give an even smaller abundance for ρth
for large enough fa as mentioned above. As the SM temperature T falls below ma, the
relativistic heavy axion population starts diluting like matter and eventually decays at the
same time as the cold heavy axion population.

To track the initially generated baryon asymmetry, we therefore numerically solve (4.1)
along with

ä+ 3Hȧ+m2
aa = 0 , (4.5)

in addition to evolution equations for the SM plasma and ρth with ρth � ρSM initially.
Note that the equation above is valid only for times t much less than the heavy axion
lifetime τa ≈ (32π3f2

a )/(αs(ma)2m3
ac

2
aG). (Even in the presence of tree-level axion-matter

couplings, the heavy axion with mass ma � GeV would preferentially decay to gluons.)
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Note also that the back-reaction of the axion-SM interactions onto the axion dynamics,
predominantly arising as friction from the SU(3) sphalerons, is negligible [127]. If the SM
plasma were to always dominate the energy density of the Universe then the SM energy
density and the Hubble parameter would evolve as

ρ̇SM + 4HρSM ≈ 0,
ρSM ≈ 3H2M2

pl .
(4.6)

However, the axions can come to dominate the energy density at later times, and their
eventual decays would in this case dilute the initially-generated baryon asymmetry. To
compute this dilution we do not solve (4.6) but rather the more general set of equations

ρ̇a + 3Hρa + ρa
τa

= 0 ,

ρ̇th + 4HΘ(T −ma)ρth + 3HΘ(ma − T )ρth + ρth
τa

= 0,

ρ̇SM + 4HρSM −
ρa
τa
− ρth

τa
= 0,

3H2M2
pl = ρSM + ρa + ρth,

˙∆nB + 3H∆nB = 0.

(4.7)

In the second line we use the approximation that the relativistic axion population ρth
instantaneously transitions from 1/R4 dilution to 1/R3 dilution at T = ma and denote
this with the unit step function Θ(x). Before the entropy diluton, the ‘initial’ baryon
asymmetry ∆nB is given by,

YB = ∆nB
s

= −csph
∆nB−L

s
= −csph

µB−LT
2

6s . (4.8)

Here we normalize the baryon asymmetry with respect to the entropy density s, and we
use a sphaleron conversion factor csph ≈ 0.35 to convert the B − L asymmetry into a B
asymmetry at the electroweak phase transition [128].

Since the heavy axion would have its own quantum fluctuations during inflation, it
would source baryon isocurvature fluctuations, which are constrained by the Planck mis-
sion [106, 129]. Those constraints translate to

Hinf
|θi|fa

. 3.2× 10−4 , (4.9)

where θi is the initial misalignment angle of the heavy axion and Hinf is the Hubble scale
during inflation. We also need to have ma < Hinf so that the axion misalignment angle
is not driven to zero during inflation. Combining the two equations above we find the
constraint

ma . 3.2× 10−4|θi|fa . (4.10)

The resulting constraint is labelled as ‘Baryon Isocurvature’ in figure 2.
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We also require that the energy density in the misaligned heavy axion population is
smaller than the SM bath at the inflation reheat temperature, TRH,inf , otherwise axions
would dominate the energy density during inflation. This requirement translates to,

1
2m

2
a(θifa)2 � π2

30g∗T
4
RH,inf . (4.11)

The requirement that the effective description of the dimension-5 Weinberg operator is
valid implies TRH,inf < ΛW , where as mentioned ΛW ∼ 1015 GeV to achieve mν ∼ 0.05 eV.
Thus, we require

TRH,inf < 1015 GeV , (4.12)

though if TRH,inf is near or above this scale it may serve to increase the baryon asymmetry
by the standard thermal leptogenesis mechanism of decaying right-handed neutrinos [130].
A more constraining requirement for lighter masses comes from demanding that the PQ
symmetry that produces the heavy axion is not restored after inflation; i.e., TRH,inf < fa.
If the PQ symmetry is restored then 〈ȧ〉 = 0, averaged over large (super-horizon) scales,
in which case no coherent baryon asymmetry is generated. We require

TRH,inf > 6× 1012 GeV , (4.13)

as otherwise the Weinberg operator would never be in thermal equilibrium [125], which
could significantly the suppress the generated baryon asymmetry. To map this constraint
onto the ma-fa parameter space, we assume efficient reheating after inflation and set

HinfMpl ≈
π√
90
√
g∗T

2
RH,inf . (4.14)

Then combining the restrictions ma < Hinf and TRH,inf < fa, we arrive at

ma <
π√
90
√
g∗

f2
a

Mpl
. (4.15)

This constraint is labelled as ‘PQ Restoration’ in figure 2. The other constraint that is
important for validity of the axion effective field theory (EFT) is T < fa, where T is the
temperature where the baryon asymmetry is dominantly generated. However, with the
stronger constraint of TRH,inf < fa, this restriction is already obeyed. This also ensures
that the backreaction of the produced charges on the axion dynamics is small.

Contours for various values of the present-day baryon abundance, subject to the above
constraints, are illustrated in figure 2 (left) for caG = caf = 1 along with θi = 1. Note
that θi may be larger than unity, which would increase the baryon asymmetry, though
then anharmonic effects may become important, as we discuss further below. For large
regions (colored white) of parameter space we produce the correct, observed baryon asym-
metry. Blue regions underproduce the baryon asymmetry, while red regions correspond
to overproduction. The red regions will play an important role when adding in the sec-
ond, DM axion, as this sector will add additional entropy dilution that can dilute the
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Figure 2. The primordial baryon asymmetry YB generated from spontaneous baryogenesis due to
heavy axion oscillations for axions coupled to a confining dark sector. (Left) We assume that the
heavy axion mass ma is temperature-independent. (Right) We assume that mass is temperature
dependent for an SU(3) dark sector that has the same temperature as the SM. In this figure we
assume caG = caf = 1, though YB scales linearly with the couplings. Red regions overproduce
the baryon asymmetry while blue regions underproduce it. The overproduction regions are still
important because they can allow for extra entropy dilution at late times, which is the case when
we include an additional, lighter axion that explains the DM. Note that the dips in the contours
arise from an accidental cancellation in the lepton asymmetries generated between the axion-gauge
couplings and the axion-matter couplings in (4.3); this cancellation would generically not occur for
non-universal couplings, as illustrated in appendix C. Note that in the right panel we chose c6 = 1
and Λ = 1013 GeV — parameters which control the glueball decay — for definiteness.

red regions to the observed baryon asymmetry. Note that for ma ∼ 1010 GeV the baryon
asymmetry contours acquire a sharp dip. This dip arises partially because of a cancella-
tion between axion-gauge-coupling produced asymmetry and the axion-matter produced
asymmetry; the dip, while still present, is less pronounced in the figures in appendix C
that have caG = 1, caf = 0.

We can also intuitively understand the shapes of constant |YB| contours for smaller
values of ma, to the left of the dip. In this regime, the asymmetry production typically
happens in the ‘freeze-in’ regime with the initial lepton asymmetry ηL ∼ (ΓW /H(Tosc))×
ȧ/(faTosc) ∝ ma, with no dependence on fa. If not for the heavy axion domination, the
baryogenesis contours would then have been horizontal. However, in this parameter space,
initially thermal heavy axions do come to dominate the energy density of the Universe at
Tdom ∼ ma, while they decay at TRH ∝ m

3/2
a /fa. Therefore, the final abundance scales

as ma × m
1/2
a /fa. On the other hand, for larger values of ma, to the right of the dip,

the axion is already oscillating when the Weinberg operator decouples. As a result the
initial asymmetry is mildly dependent on ma. However, the entropy dilution is the same
as before and hence the final abundance scales as m1/2

a /fa. We show these two parametric
expectations, for small and large ma, by solid and dashed purple lines, respectively.
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4.1.2 Heavy axion mass with temperature dependence

Now we consider the scenario where all the relevant degrees of freedom are reheated after
inflation. This implies along with the SM bath, there is also a thermal population of heavy
axions, dark gluons, and finally, a cold, misaligned heavy axion population as before. We
focus on the part of parameter space where dark gluons decay into the SM soon after dark
confinement. This ensures that the generated baryon asymmetry is not diluted due to heavy
glueball domination. To ensure the glueballs promptly decay we require Γ0++→SM > H(Tc),
where Tc is the confinement temperature and Γ0++→SM the glueball decay rate (3.7). This
implies that

6× 10−5c2
6
x5(mafa)5/2

Λ4 >
π
√
g∗√

90Mpl
mafa

(
1.6− 0.8

N2
c

)2

⇒ mafa >
3× 1025 GeV2

c
4/3
6

( Λ
1014 GeV

)8/3
for Nc = 3.

(4.16)

In the last relation above we specify to the case of a dark SU(3) gauge group that is
responsible for the heavy axion mass. We also take x ≡ m0+/

√
mafa ≈ 8, as before.

The equations governing the generation and evolution of the baryon asymmetry are
the same as in the previous subsection, except that now ma → ma(T ) for T > Tc, with
the temperature-dependent mass as given in section 3 (we assume SU(3) for definiteness).
For simplicity, we also assume that the SM and dark sectors have the same temperature,
though in principle the dark sector could be either colder or hotter than the SM if the
two were not in equilibrium or reheated differently after inflation. The result is shown in
figure 2 (right).

The baryon isocurvature constraint in (4.9) applies as before. However, since during
inflation the dark sector is deconfined, we have ma(T ) � Hinf , and thus the isocurvature
constraint becomes independent of the axion mass. The vanishing axion mass also ensures
that the energy density in axions is always subdominant during inflation. The restriction
due to TRH,inf < fa continues to apply and is also independent of ma. We also show the
region labeled ma > fa where the axion cannot be treated as a light Goldstone boson.
Finally, the constraint from (4.16) shows that in the shaded region labeled ‘Glueball’, the
heavy glueballs do not decay promptly. Consequently, the entropy dilution coming from
their decay needs to be taken into account in this parameter space, which we have not done
for simplicity. Therefore in that region, our computation of YB does not apply. We also
have chosen Λ = 1013 GeV with caG = caf = 1 as an illustration, along with θi = 1 (though
see appendix C). Increasing Λ makes the glueballs longer lived, which may further dilute
the baryon asymmetry if the glueballs come to dominate the energy density. Lastly, note
that in all of the parameter space illustrated in figure 2 the µ/T values are smaller, by at
least a few orders of magnitude, compared to those recently constrained in [131] by helical
magnetic field generation.

4.2 Heavy axion baryogenesis and light axion dark matter

We now focus on a scenario where there are two axions in the spectrum: a heavy axion
ah and a light axion al. They get their masses from dark SU(Nh) and SU(Nl) groups,
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respectively. We consider Nl < Nh, such that ah is heavier than al for similar decay
constants. We assume both the sectors are reheated after inflation. Therefore, at reheating
we have the following populations: (a) cold, misaligned population of both ah and al
(ρha, ρla); (b) a relativistic population of both ah and al (ρhth, ρlth); and (c) deconfined SU(Nh)
and SU(Nl) gluons (ρhG, ρlG). The goal of this subsection is to explore the parameter
space for which the two axions can explain both the DM relic density and the primordial
baryon asymmetry. This is non-trivial because the same early matter dominated era that
is required to avoid DM overclosure dilutes the already generated baryon asymmetry.

As in the previous section, we consider the parameter space where the SU(Nh) glueballs
decay soon after their confinement since they would otherwise give rise to a very early
matter domination with subsequent entropy dump that would dilute the initial baryon
abundance. This requirement is the same as in (4.16).

The early cosmological history in this scenario proceeds as follows. After inflation,
the Universe becomes radiation dominated with the thermal bath consisting of relativistic
axion populations, the deconfined dark plasmas, and the SM. We assume all of these to
have the same temperature for simplicity. When H ∼ mh, the field ah starts to oscillate and
this generates a lepton asymmetry in the presence of the Weinberg operator. At T < mh,
ρhth starts diluting like matter. Together with ρha, these cold populations can give rise to
matter domination if they are sufficiently long lived. Then at the heavy axion lifetime
τa(mh, fh), both ρha and ρhth decay. We assume that heavy axion decay contributes equally
to the SM and SU(Nl) gluons in terms of energy density. At times immediately after
the heavy axion decay the Universe remains radiation dominated with ρSM, ρ

l
th, ρ

l
G. At

T < T lc , SU(Nl) confinement takes place, and subsequently ρlG gives rise to glueballs that
soon start dominating the energy density. This gives rise to a matter-dominated epoch.
These glueballs eventually decay before BBN and reheats the Universe. Following this
point the evolution is same as in standard cosmology. When T < ml, the ρlth also start
diluting like matter and these warm axions can potentially form a sub-component of DM.

With this cosmology in mind, we now ask for which parameter space we get the correct
DM and baryon abundances. Consider a heavy axion with mh = 1011 GeV and fh =
5 × 1013 GeV, along with θhi = 1, caG = caf = 1 and TRH,inf = 1013 GeV. This implies
that gluons of the heavy sector confine around T ≈ 4× 1012 GeV to form heavy glueballs.
However for Λ ∼ 1013 GeV, these glueballs decay promptly after their production, as implied
by (4.16). Since the dark gluon sector is assumed to have the same temperature as the SM,
their energy density is 2(N2

c − 1)/g∗ ∼ 1/10 of the SM. Consequently, the heavy glueball
formation and their prompt decay does not affect the thermal bath significantly. We now
take the light axion parameters to be ml = 7 keV and fl = 7 × 1013 GeV. This implies
that the second dark confinement transition happens around T ≈ 30TeV, following which
lighter dark glueballs with mass 2× 105 GeV form and soon come to dominate the energy
density. Through the dimension-6 Higgs portal coupling, these glueballs eventually decay.
Taking c6 = 1 and Λ = 5 × 109 GeV, we compute the corresponding reheat temperature
to be TRH ≈ 3GeV using (3.9). The entropy dilution caused by the glueball decay dilutes
the initial value of the baryon asymmetry, and with the above choices of parameters we
find |YB| ≈ 10−10, consistent with current observations. Using (3.12) for Nc = 2, we
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Figure 3. (Left) As in figure 1 but for the case where there is both a keV–MeV axion, illustrated
in the left panel, that explains the primordial DM and a much heavier axion, illustrated in the
right panel, that explains the primordial baryon asymmetry through spontaneous baryogenesis.
We illustrate lifetimes and masses where these two abundances are correctly reproduced for fixed
values of the intermediate scale Λ. Note that unlike in figure 1 the Λ are taken to be well below the
GUT scale, which is necessary to avoid over-diluting the baryon abundance. As in figure 1 we allow
|θli| > 0.01 and 0.05 < |Caγγ | < 1 while requiring TRH > 5MeV. (Right) The heavy axion parameter
space in the two-axion model, illustrated by the heavy axion mass and its decay constant. Shaded
regions show where the two primordial abundances are correctly produced for Λ greater than the
indicated values. The Y int

B contours show how much ‘intermediate’ baryon asymmetry is produced
before the entropy dilution through glueball domination and reheating of the DM dark sector (i.e.,
the dark sector with the lower confining scale). These contours are the same as in figure 2. In this
case we must overproduce the baryon asymmetry at intermediate scales, since the period of early
matter domination, which is necessary to achieve the correct DM abundance, dilutes the baryon
asymmetry.

obtain Tosc ∼ 3.5 × 105 GeV. Given that the onset of matter domination happens around
TEMD ∼ 30TeV, the observed DM density can be explained for |θi| ∼ 10−2 using (3.14).
Lastly, for Caγγ ∼ 0.05, the DM lifetime is determined to be 6 × 1029 sec using (3.1),
consistent with current searches for decaying DM, but can be probed with Athena or
THESEUS.

In figure 3 we extend the above argument for a broader parameter space, highlighting
the appropriate regions of parameter space for which the correct baryon and DM abun-
dances are achieved. We fix θhi = 1, constrain |θli| > 10−2, and consider Λ > 5 × 109 GeV
along with Λ > 2×1010 GeV, fixing c6 = 1. We allow the two axions to have different decay
constants so long as they are above 1013 GeV. As in figure 1, we vary 0.05 < |Caγγ | < 1.
In the left (right) panel we illustrate the light (heavy) axion parameter space where the
correct DM and baryon abundances are simultaneously obtained. In the left panel we show
the lifetime to photons instead of fa, since this is directly observable, as a function of the
light axion mass, while in the right we show fa as a function of the heavy axion mass. Note
that the preferred mass range for the DM axion is lower than in figure 1. We also note that
the viable parameter space in figure 3 left is not strictly nested as Λ is increased, contrary
to figure 3 right. We label the left panel for fixed, illustrative values of Λ.
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In figure 3 we fix θhi = 1, though in principle θhi could be larger, which may enhance
the baryon abundance and thus open up more of the DM parameter space where the simul-
taneous DM and baryon abundances may be reproduced. In particular, it is possible that
θhi could be near π, in which case anharmonicities in the heavy axion equation of motion
become important. In particular, for θhi = π − δi, with δi � 1 a small, positive number, it
is known that the heavy axion field value becomes logarithmically enhanced in δi at late
times (see, e.g., [132]). However, since the baryon abundance is at most logarithmically
enhanced as θhi is tuned towards π, anthropic selection of θhi near π to enhance the baryon
abundance may not be efficient, though this deserves further consideration.

We note that the scale Λ controlling the glueball decay rate needs to be much smaller
than MGUT for successful baryogenesis to occur. In the next section, we describe an
example UV completion that achieves Λ�MGUT.

5 Orbifold construction

So far in this Article we have motivated the scale ΛD by assuming a unified gauge group
at some scale MGUT & 1016 GeV that breaks to GSM × Gdark below that scale. We now
give an example, extra dimensional construction that achieves such a breaking pattern.
To be concrete, we focus on orbifold GUTs and consider unification of GSM with SU(3)D.
Construction with more general SU(N)D or SU(N)D × SU(M)D can be carried out in a
similar way.

Orbifold GUTs are extra dimensional constructions that explain grand unification in a
simple and elegant way. The basic idea is that in the presence of compact extra dimensions,
one needs to specify boundary conditions to completely describe the theory. It is these
boundary conditions that can break the unified gauge group and also project out the
unwanted zero-modes of various fields, avoiding issues such as proton decay and the doublet-
triplet splitting problem. We now briefly review some necessary aspects of an orbifold
construction while referring the reader to [133–135] for more details.

We consider the spacetime to beM4×S1/(Z2×Z ′2) whereM4 denotes the 4DMinkowski
spacetime, with coordinates denoted by x. The extra dimensional circle S1 with radius R
is reduced to an interval due to the quotienting by (Z2×Z ′2). Here the first Z2 implements
an identification y → −y where y is the coordinate along the extra dimension. The second
identification, Z ′2 acts as y′ → −y′ where y′ = y− πR/2, or equivalently, y → πR− y. The
action of both of these parity transformations restricts the original y coordinate ranging
from 0 ≤ y < 2πR, to 0 ≤ y ≤ πR/2, with the rest of the circular space identified to
this segment. In particular, the end points y = 0 and y = πR/2 act as orbifold fixed
points where other fields, such as those in the SM, can be located. We denote the parity
transformations associated with Z2 and Z ′2 as P and P ′, respectively. In particular, focusing
on an SU(N) gauge field in the bulk, P has an action,

P : Aµ(x, y)→ Aµ(x,−y) = PAµ(x, y)P−1,

P : A5(x, y)→ A5(x,−y) = −PA5(x, y)P−1,
(5.1)
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where P is an N ×N matrix with eigenvalues ±1. The action of P ′ is defined analogously
via a matrix P ′. We note that under the action of a given parity operation, Aµ and A5
transforms oppositely, as needed for invariance of the Lagrangian. For a field Φ in the
fundamental of SU(N), the actions of P,P ′ are given by,

P : Φ(x, y)→ Φ(x,−y) = PΦ(x, y),
P ′ : Φ(x, y′)→ Φ(x,−y′) = P ′Φ(x, y′).

(5.2)

To determine the action of P,P ′ it is useful to recall the mode expansion of a bulk field
φ(x, y) that has specific parity properties (see, e.g., [134]),

φ++(x, y) =
∞∑
m=0

1√
2δm,0πR

φ
(2m)
++ (x) cos(2my/R),

φ+−(x, y) =
∞∑
m=0

1√
πR

φ
(2m+1)
+− (x) cos((2m+ 1)y/R),

φ−+(x, y) =
∞∑
m=0

1√
πR

φ
(2m+1)
−+ (x) sin((2m+ 1)y/R),

φ−−(x, y) =
∞∑
m=0

1√
πR

φ
(2m+2)
−− (x) sin((2m+ 2)y/R).

(5.3)

Here the notation, φ++ for example, implies that the field is even under both P,P ′. The
fields φ(2m)

++ , φ
(2m+1)
+− , φ

(2m+1)
−+ , φ

(2m+2)
−− have masses 2m/R, (2m + 1)/R, (2m + 1)/R, (2m +

2)/R, implying only φ++ has a zero-mode (setting m = 0) and is present in the low-energy
EFT below the scale 1/R.

To recall how gauge coupling unification works in this scenario, consider the action for
a bulk gauge theory in flat spacetime,

S ⊃
∫ πR

0
dy

∫
d4x

(
1
g2

5
FABF

AB + δ(y)
∑
i

εiFi,µνF
µν
i

)
. (5.4)

The 5D gauge coupling is g5, and we assume that the bulk gauge invariance is broken at
the y = 0 boundary. Consequently, we can write non-GUT symmetric contributions to
individual gauge groups parameterized by εi. The indices A,B run over all the dimensions
whereas µ, ν run over only 4D. The zero modes of the gauge bosons have a flat profile in
the extra dimension, as can be seen from (5.3). Integrating over the extra dimension we
then find at the unification scale,

1
αi(µ ' 1/R) = 4π2R

g2
5

+ 4πεi , (5.5)

where we match the value of αi at the renormalization scale µ = 1/R to the 5D coupling.
This implies as long as the size of the extra dimension is large, i.e., πR/g2

5 � εi, all the
gauge couplings αi are unified at the scale 1/R, while below that scale, each αi has their
own evolution.6

6Above the compactification scale 1/R, there can also be some small differential running of the gauge
couplings since Kaluza-Klein modes of bulk fields may not a fill an entire gauge multiplet. In this case (5.5)
would approximately hold with a precise unification taking place somewhat above 1/R. See, e.g. [134, 136].
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5.1 Orbifold construction of SU(6)→ SU(3)D × SU(3)c

First we consider a warm up example in which only QCD is unified with SU(3)D but
SU(2)L×U(1)Y does not unify. We imagine an extra dimensional scenario with S1/(Z2×Z ′2)
geometry, as described above. The bulk gauge group is SU(6)× SU(2)L ×U(1)Y .

For the boundary at y = 0, we choose P = diag(1, 1, 1,−1,−1,−1), whereas for y =
πR/2, we choose P ′ = diag(1, 1, 1, 1, 1, 1). With this choice, SU(6) → SU(3)D × SU(3)c ×
U(1) on the y = 0 boundary, whereas the bulk gauge invariance remains intact on the
y = πR/2 boundary. This shows that the low energy theory has a SU(3)c×SU(3)D×U(1)
symmetry. We index the unbroken generators by a and the broken ones by â. While Aaµ
give rise to low energy gauge theory, Aâ5 are 4D scalars (transforming as bifundamentals of
SU(3)D × SU(3)c) and their masses are ∼ O(1/R) due to quantum corrections from other
bulk fields.

Now we discuss how to break the residual U(1). For this purpose, we can have a
three-index antisymmetric scalar φ[ijk] under SU(6). When i, j, k ∈ {1, 2, 3}, then φ[ijk]
transforms as a singlet under both SU(3)D and SU(3)c, but not under U(1). To see this,
consider a general set of indices i, j, k, l for which

Dµφijk ⊃ Aaµ
[
T aliφljk + T aljφilk + T alkφijl

]
, (5.6)

where T a are various SU(6) generators. For i = 1, j = 2, k = 3, the above becomes,

Aaµ

[
T a1

1φ123 + T a2
2φ123 + T a3

3φ123
]
. (5.7)

This implies φ123 is charged under the U(1) since it couples to the diagonal generators.
Correspondingly, if 〈φ123〉 6= 0, the U(1) gets broken, leaving only SU(3)D × SU(3)c.

In this scenario, the SM Higgs is a singlet as far as orbifolding is concerned and we
can put it in the bulk. We put SM leptons and quarks on the y = 0 boundary. Since
SU(6) is broken into SU(3)D × SU(3)c on this boundary, SM quarks need not fill up a
whole multiplet of SU(6), and we take them to be singlets under SU(3)D. Next, we have
to choose parities of SM fermions under P and P ′ since the entire Lagrangian must have a
definite parity. Under both P and P ′ we take all the SM fermions and SM Higgs to have
+ parity. Then all the SM Yukawa terms are manifestly parity invariant.

Next, we discuss how to generate the intermediate scale Λ � MGUT, which we rely
upon for our Higgs portal coupling that allows the dark glueballs to decay. We consider
vector-like fermions χL = (3, 1, 2,−1/2) and χce = (3̄, 1, 1,+1) under SU(3)D × SU(3)c ×
SU(2)L × U(1)Y , and their partners, χcL = (3̄, 1, 2,+1/2) and χe = (3, 1, 1,−1) located on
the y = 0 boundary. They couple to the Higgs via,

yχχLHχ
c
e +mχLχLχ

c
L +mχeχeχ

c
e + h.c. , (5.8)

where mχL and mχe are vector-like mass parameters. Then, χL and χe mediate a one loop
interaction between the SU(3)D gluons and the Higgs. The effective dimension-6 operator
may be computed as [111]

αD
6π

y2
χ

mχLmχe

|H|2Gd,µνGµνd . (5.9)
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Therefore the scale Λ controlling the glueball decay rate in (3.7) corresponds to the masses
of the heavy vector-like fermions: Λ2/c6 ∼ mχLmχe/y

2
χ. Consequently, Λ � MGUT may

be achieved by arranging vector-like masses mχL ,mχe �MGUT.
Recall that in the discussion of (3.6) we rely on the c̃6 coupling to |H|2Gd,µνG̃µνd

to induce the decay of the CP-odd glueballs. In the theory above, this operator is not
generated because the theory is CP conserving. However, the theory may be made CP
violating by having at least two non-degenerate generations of vector-like fermions, with
the associated mass and Yukawa matrices appearing in (5.8) being complex. For two
generations there is one surviving CP-violating phase that may not be transformed away,
while more CP-violating phases survive for a larger number of generations. In the presence
of at least a single CP-violating phase the c̃6 operator appearing in (3.6) is generated, in
addition to the c6 operator, as the result of CP violation.

5.2 Orbifold construction of SU(8)→ SU(3)D × SU(3)c × SU(2)L ×U(1)Y

We now describe how the SU(6) group described in the previous subsection can also be
unified with SU(2)L×U(1)Y into an SU(8) group. Since SU(8) has rank 7 and SU(3)D×GSM
has rank 6, to obtain the above breaking pattern we consider a scalar VEV, such as 〈φ123〉 6=
0 in the previous subsection, to reduce the rank.

We first discuss the orbifold parities of the gauge fields. We again consider a S1/(Z2×
Z ′2) geometry and choose,

P = diag(−1,−1,−1,+1,+1,+1,+1,+1),
P ′ = diag(−1,−1,−1,−1,−1,−1,+1,+1).

(5.10)

The choice of P breaks SU(8)→ SU(3)D × SU(5)×U(1)X . On the other hand, P ′ breaks
SU(8)→ SU(6)× SU(2)× U(1)Z . Here U(1)X is generated by diag(r, r, r, s, s, s, s, s) with
3r + 5s = 0, 3r2 + 5s2 = 1/2, while U(1)Z is generated by diag(p, p, p, p, p, p, q, q) with
6p + 2q = 0, 6p2 + 2q2 = 1/2. These are the tracelessness and normalization constraints,
respectively. With their combined action, however, the gauge group is broken to

SU(8)→ SU(3)D × SU(3)c × SU(2)L ×U(1)G ×U(1)H . (5.11)

Here we can choose the U(1)G generator to be diag(r, r, r, s, s, s, t, t) with 3r + 3s+ 2t = 0
(zero trace) and (3r2 + 3s2 + 2t2) = 1/2 (normalized), and the U(1)H generator to be
diag(0, 0, 0, p, p, p, q, q) with 3p+ 2q = 0 and 3p2 + 2q2 = 1/2. These conditions determine
p = 1/

√
15 and q = −3/(2

√
15).

Let us now discuss the embedding of the SM Higgs. We put the Higgs in the bulk
and in the antifundamental of SU(8), since we can remove the unwanted components by
orbifold projection. Under P , we assume (+,+,+,+,+,+,+,+) parity, while under P ′,
we assume (−,−,−,−,−,−,+,+). This implies only the SU(2)L doublet has + parity
under both P and P ′, and we can identify the corresponding zero mode as the SM Higgs.
All the other components are heavy.

Focusing on the SM fermions, we note that we can put them on the y = 0 boundary
since they fit in a multiplet of SU(5), and then we take them as singlets under SU(3)D.
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Next, we need to assign them proper parities such that we can construct Yukawa-invariant
terms. We choose all the fermions to have + parity under P and {+,−,−,+,−} under P ′,
for q, uc, dc, l, e, respectively. Along with the parity requirement on the Higgs, this lets us
write appropriate SM Yukawa terms.

To generate the intermediate scale Λ that controls the glueball decay rate, we require
heavy fermions ψL and ψce on the y = πR/2 boundary. Under the residual SU(6) ×
SU(2)L × U(1)Z , ψL and ψce have charges (6, 2, q1) and (6̄, 1, q2), where q1 + q2 = −

√
3/4.

Here the U(1)Z charge of the SM Higgs, embedded into an SU(8) antifundamental, is taken
to be

√
3/4. We also have vector-like partners ψcL and ψe having charges (6̄, 2,−q1) and

(6, 1,−q2), respectively. With these charge assignments, we can write down the Higgs
coupling and the vector-like mass terms for the heavy fermions:

yψψLHψ
c
e +mψLψLψ

c
L +mψeψeψ

c
e + h.c. . (5.12)

Choosing + parity under both P and P ′ for these fermions makes the above terms parity
invariant. Just as the previous subsection, these heavy fermions mediate an interaction
between SU(3)D and the Higgs and additionally also between SU(3)c and the Higgs:

αD
6π

y2
ψ

mψLmψe

|H|2Gd,µνGµνd + α3
6π

y2
ψ

mψLmψe

|H|2GµνGµν . (5.13)

To break U(1)G × U(1)H → U(1)Y , we consider a three-index, totally anti-symmetric
scalar of SU(6), φ[ijk]. Among its elements, φ123 is a singlet under SU(3)D × SU(3)c ×
SU(2)L × U(1)H . However, it is charged under U(1)G. To see this, consider the covariant
derivative for general indices i, j, k, l as before,

Dµφijk ⊃ Aaµ
[
T aliφljk + T aljφilk + T alkφijl

]
. (5.14)

Focusing on φ123 in particular, we see,

Dµφ123 ⊃ Aaµ
[
T a1

1φ123 + T a2
2φ123 + T a3

3φ123
]

= Aaµ(T a1
1 + T a2

2 + T a3
3)φ123. (5.15)

Thus it is charged under only those generators for which (T a1
1 + T a2

2 + T a3
3) 6= 0. Given

our choices of U(1)G and U(1)H , we see that it is charged only under U(1)G. Therefore
for 〈φ123〉 6= 0, the U(1)G gauge boson gets a mass and U(1)H survives in the low energy
theory. Since U(1)H coincides with the T24 generator of SU(5), we can identify this as
U(1)Y along with a multiplicative factor, Y = cT24 with c = −

√
5/3. This implies Y =

diag(0, 0, 0,−1/3,−1/3,−1/3, 1/2, 1/2). We note that SM fermions need not have any
charge under U(1)X and they inherit their hypercharge from embedding in SU(5), as in
the minimal SU(5) model [137]. Similarly, the SM Higgs, a part of the antifundamental of
SU(8), also obtains the correct hypercharge. We summarize the various particle contents
and gauge group structure in figure 4.

In figure 5, we show the renormalization group evolution of the SM gauge couplings
along with that of pure SU(3)D, for a dark confinement scale of 105 GeV. Such a dark
confinement scale corresponds to an axion with ml ∼ 10 keV and fl ∼ 1015 GeV, relevant
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BM

Figure 4. Orbifold Structure for SU(8)→ SU(3)D×SU(3)c×SU(2)L×U(1)Y breaking, as described
in section 5.2. The bulk has an SU(8) gauge symmetry, which is broken by the boundary conditions
at y = 0 and y = πR/2, as indicated, with y the coordinate in the compact fifth dimension. The
SM fermions live at the y = 0 boundary and do not form full representations of SU(8), since that
gauge symmetry is broken at y = 0. The SM Higgs in embedded in an antifundamental of SU(8)
in the bulk; in the low energy theory only the SU(2)L doublet remains light. The heavy vectorlike
fermions ψL, ψe and their partners located on the y = πR/2 boundary generate the intermediate
scale Λ that allows the dark glueballs of SU(3)D to decay to SM Higgs pairs. The heavy axion
arises as the zero mode of the fifth component of a U(1) bulk vector field BM , with the mass of the
axion originating primarily from SU(3)D instantons.
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Figure 5. Running of the gauge couplings in the theory where Gdark = SU(3)D unifies with the
SM at ∼1015 GeV and confines at ∼105 GeV. In the left panel we do not include the vectorlike (VL)
fermions in the gauge group running, while in the right panel we do, for the indicated VL fermion
mass scale. As is typically the case for non-supersymmetric GUTs, the gauge-coupling unification
is suggestive but not precise.
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for the decaying DM parameter space. As is well known, the SM gauge couplings do evolve
to get close to each other but they do not unify perfectly. However, the running of SU(3)D
coupling does indicate unification with SU(3)c and SU(2)L. This raises the interesting
possibility of achieving a better unification, especially with supersymmetry.

To take into account the effect of vectorlike fermions on the gauge coupling running,
we need to know the quantum numbers of the vectorlike fermions under the gauge group
SU(3)D × SU(3)c× SU(2)L×U(1)Y . We can write the hypercharge operator Y in terms of
the U(1)Z generator TZ = (1/

√
48)diag(1, 1, 1, 1, 1, 1,−3,−3) and one diagonal generator

T6 = (1/
√

12)diag(1, 1, 1,−1,−1,−1) of SU(6),

Y = −1
6
(√

48TZ −
√

12T6
)
. (5.16)

This gives Y = diag(0, 0, 0,−1/3,−1/3,−1/3, 1/2, 1/2). Thus the fermion representation
under the bigger group SU(6)× SU(2)L×U(1)Z splits under SU(3)D × SU(3)c× SU(2)L×
U(1)Y as,

(6, 2, q1)→ (3, 1, 2, YψL) + (1, 3, 2, Y ′ψL), (5.17)
(6̄, 1, q2)→ (3̄, 1, 1, Yψce) + (1, 3̄, 1, Y ′ψce), (5.18)

with YψL = (−1/6)(
√

48q1−
√

12), Y ′ψL = (−1/6)(
√

48q1+
√

12), and Yψce = (−1/6)(
√

48q2+√
12), Y ′ψce = (−1/6)(

√
48q2 −

√
12). We have YψL + Yψce = 1/2, following from q1 + q2 =

−
√

3/4, necessary for the Higgs Yukawa couplings. From the right panel of figure 5 we note
that in the presence of heavy vectorlike fermions, the gauge coupling unification becomes
worse. As above, in a SUSY framework where the vectorlike fermions would be part of a
full multiplet, the unification may get improved.

5.3 Axions from extra dimensional gauge fields

Having discussed the SM sector, we can now include an axion also using the extra dimen-
sion. We model the axion as the fifth component of a gauge field U(1) in the bulk, following
the construction in e.g. [138]. We can choose the following parity action on the gauge field,

P : Bµ(x, y)→ Bµ(x,−y) = −Bµ(x, y),
P : B5(x, y)→ B5(x,−y) = B5(x, y),

(5.19)

with identical action of P ′ with y replaced by y′. In other words, while Bµ has a −−
parity, B5 has a ++ parity and only it survives in the low energy theory. In the presence
of this new gauge field, we can write down a Chern-Simons (CS) term in the bulk. The
Lagrangian involving BM then reads as∫

d4x

∫ πR

0
dy

( 1
4g2

5B
BMNB

MN + κBε
MNPQRBMTr(FNPFQR)

)
. (5.20)

In the 4D effective theory, this reduces to

πR

2g2
5B

(∂µB5)2 + 2πRκBB5GG̃. (5.21)
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Here, G contains all the SU(8) gauge bosons, which implies that the axion will couple
both to the dark SU(3) and to the SM gauge groups. Denoting B5 ≡ a and canonically
normalizing the kinetic term, we arrive at an axion coupling

a

32π2fa
GG̃ , fa ≡

1
64π2

√
πRκBg5B

. (5.22)

To estimate fa relative to the unification scale MGUT ∼ 1/R, we use the relation πR/g2
5 =

1/g2
4 and 4π/g2

4 ≈ 25 at the unification scale, to compute

fa ∼
1

64π3κB

5MGUT
2
√
π

. (5.23)

If we suppose that the 5D CS term arises at one loop, such that κB ∼ α/(4π), then
numerically fa ∼ MGUT. Thus, the orbifold model discussed in this section, while by no
means unique, contains all of the necessary features needed for the heavy DM axion and
baryogenesis stories — a dark, confining gauge group that unifies with the SM but that
contains Higgs portal interactions that allow the dark glueballs to decay, suppressed by an
intermediate scale Λ < MGUT, along with an axion that couples to the SM and to the dark
gauge group.

6 Discussion

In this Article we introduce keV - MeV axions as a decaying DM candidate that may
naturally obtain the correct relic abundance through the period of early matter domination
brought upon by dark glueballs. These glueballs are associated with the dark gauge group
whose instantons give rise to the axion mass. Such a scenario may naturally arise in an
axiverse, where there are multiple axions, in addition to dark gauge groups that decouple
from the SM near the GUT scale. While such scenarios may emerge in the context of
String Theory constructions, which are known to produce decoupled dark gauge groups
and axions, we provide an explicit construction in the context of a 5D orbifold theory
where the SM and a dark SU(3) unify into a 5D SU(8) theory, which also produces a 4D
axion as the zero mode of the fifth component of a 5D gauge field. We also show that
the heavy axions could be responsible for the primordial baryon asymmetry, through the
process of spontaneous baryogenesis, and if the dark sector contains multiple confining
sub-sectors the correct baryon and DM abundances can simultaneously be produced, as
we demonstrate. The presence of the heavy axions does not spoil the possibility of an
additional axion solving the strong CP problem.

The clearest signature of heavy axion DM is the decay to two photons, which may
be detected by current or near-term X-ray and gamma-ray telescopes, as we discuss. As
illustrated in e.g. figures 1 and 3, much of the best-motivated parameter space where dark-
sector axions may naturally make up the observed DM abundance and also explain the
primordial baryon asymmetry could be probed by future instruments, providing strong
motivation for missions that increase the reach to the DM lifetime over the keV - MeV
energy range.
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The dark-sector DM axion cosmology considered in this Article is associated with a
period of early matter domination caused by the dark glueballs. The fact that low reheat
temperatures, near the BBN limit, are favored for mitigating fine tuning of the initial axion
misalignment angle may itself lead to observational signatures. This is because density per-
turbations grow linearly during matter-dominated epochs, as opposed to logarithmically
during radiation-domination [139–143]. This implies that small-scale structure could be
enhanced because of the period of early matter domination, potentially leading to large
numbers of ultra-compact sub-halos that survive until today. For reheating temperatures
near the BBN bound this implies an enhancement of DM substructure today at masses
near Jupiter’s mass and below [139]. Interestingly, these ultra-compact sub-halos may be
directly observable with future Pulsar Timing Array measurements [144, 145] and photo-
metric microlensing surveys [146] if TRH . 100MeV — GeV, as is the case for most of
the parameter space considered in this work. It would be interesting to also investigate
the possible observational signatures of the ultra-compact mini-halos in the Galactic DM
decay morphology.

The period of early matter domination is brought upon by the confining phase tran-
sition in the dark non-abelian gauge sector, and depending on the dark gauge group the
phase transition could be first order and associated with an efficient production of grav-
itational waves, see, e.g., [114, 147–150]. The detectability of these gravitational waves
at future observatories depends on the efficiency of their production, the temperature of
the phase transition, and the amount of subsequent entropy dilution; this would a useful
direction to explore in future work.

In this Article we have not assumed high-scale supersymmetry, except for roughly
motivating the gauge couplings that we may expect at the GUT scale. Supersymmetry,
even if broken at a high scale, would quantitatively and potentially qualitatively modify
most of the arguments presented in this work. It would be interesting to investigate the
supersymmetric completion of the models presented in this work.

In summary, heavy axions connected to hidden sectors are motivated extensions of the
SM that could be responsible for baryogenesis and DM. A number of upcoming astrophys-
ical missions should shed light onto their existence, providing strong science motivation for
continuing deeper explorations of the cosmos.
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A Sensitivity projections for future gamma ray observatories

In this appendix we give the details for deriving the sensitivity projections for AMEGO.
Projections for other missions in the ∼MeV energy range can be obtained in a similar way.

For an observation of an on-sky region Σ for duration T using an instrument with
energy-dependent effective area E , the expected number of observed photons produced by
decay of an axion with mass ma to two photons with energy ma/2 is given by

N(ma, τa) = DΣE(ma/2)T
2πmaτa

, (A.1)

where τa is the lifetime for axion decay to photons, and DΣ is the DM line-of-sight density
integrated over the region of interest. Assuming the axion comprises all the DM, we
consider axion decays in the Milky Way halo in the vicinity of the GC with Σ defined
by |b|, |l| ≤ 5◦. We take the Milky Way DM density profile to be described by an NFW
profile [151, 152], though more motivated and better constrained modeling choices for the
Milky Way DM density profile may be possible in the future through improved simulation
and observational efforts [153]. We take our NFW profile to have DM density 0.4 GeV/cm3

in the solar neighborhood at r� = 8.23 kpc from the galactic center (GC) and a scale radius
of rs = 20 kpc [153, 154]. The integrated line-of-sight density is then calculated by

ρ(r) = ρ�
r�(rs + r�)2

r(rs + r)2 (A.2)

DΣ =
∫

Σ
dΩ
∫
dsρa(s,Ω) , (A.3)

such that DΣ ≈ 4×1024 MeV/cm2. We assume the region of interest Σ is observed for T =
1 yr and adopt AMEGO’s projected energy-dependent effective area. For the energy range
relevant for our axion DM scenario, AMEGO will observe incident photons as Compton
scattering events with two different classifications: tracked and untracked. The Tracked
Compton (TC) and Untracked Compton (UC) event classifications cover complementary
energy ranges, with differences in effective area and energy resolution [36]. In projecting
AMEGO sensitivities, we independently consider both event types.

To estimate our statistical power in constraining an axion decay line, we calculate the
expected number of background photons contributed by astrophysical processes within the
energy range over which the signal appears using flux spectra for bremsstrahlung, inverse-
Compton, and π0 emission in the |b|, |l| ≤ 5◦ region developed in [121] using the cosmic
ray modeling code GALPROP[155]. Since AMEGO will not resolve the decay line-width,
which has relative width of ∆E/E ≈ 10−3, the relevant energy range is the instrumental
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Figure 6. As in figure 2 but with caG = 1, caf = 0 instead of caG = caf = 1 for the heavy axion.
This implies that the axion does not couple to fermions and that suppresses the induced baryon
asymmetry.

energy resolution, which is roughly ∆E/E ≈ 5%, evaluated at E = ma/2. The number of
background photons NB is then given by

NB(ma) =
∫

Σ
dΩ dΦ

dEdΩE(ma/2)T∆E(ma/2) , (A.4)

where E and ∆E(E) are the energy-dependent effective area and energy-resolution appro-
priate chosen for the tracked or untracked event classifications. From NB and N(ma, τa),
the expected 95th percentile upper limit on τa can be determined in the gaussian limit rel-
evant to these projections by solving N(ma, τa) ≈ 1.6NB(ma) [156]. Note that we neglect
systematic uncertainties, which may be important, especially at low energies where the
photon counts are the highest [121], to show the maximal possible reach of the instruments
from statistical uncertainties alone.

The projected sensitivity of AMEGO for tracked and untracked event types are pre-
sented in figure 1, labeled ‘AMEGO TC’ and ‘AMEGO UC’, respectively. Note that we
have neglected the finite angular resolution of the instrument, though this is a small cor-
rection as the angular resolution is comparable to or less than the extent of our region
of interest and since the line-of-sight DM density is not sharply varying outside the very
inner GC.

B Rate formulae for lepton-asymmetry generating operators

In this appendix we summarize the interaction rates Γα relevant for lepton asymmetry
generation via the Boltzman equation (4.1). These interactions, if active, are responsible
for maintaining chemical equilibrium between different SM species. We recall that α runs
over weak sphaleron (W ), strong sphaleron (S), tau Yukawa (τ), top Yukawa (t), bottom
Yukawa (b), and the Weinberg operator for the first two generations (W12) and the third
generation (W3).
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Since the distinction between the first two generations is immaterial at high tempera-
tures, they can be combined into a single species, and a single Weinberg operator interaction
W12 can describe them.

Strong and weak sphaleron. The sphaleron rates in gauge theories can be obtained
from, e.g., [157]

ΓW = 3κWα5
2T, (B.1)

ΓS = 3κSα5
sT. (B.2)

We take κW ∼ 24 and κS ∼ 270 [125] as relevant for asymmetry generation at high
temperatures, T & 1012 GeV.

Yukawa couplings. Given the sizes of the Yukawa couplings, here only the third gen-
eration fermions is relevant,

Γτ = 6κτy2
τT, (B.3)

Γt = 6κty2
t T, (B.4)

Γb = 6κby2
bT. (B.5)

Here we take κτ ' 1.7× 10−3, κt ' κb ' 10−2 [125, 158].

Weinberg operator. This can be estimated as [125]

ΓW12 = 2ΓW3 = 12κW
m2
νT

3

v4 , (B.6)

with κW ∼ 3× 10−3, mν = 0.05 eV and v = 174GeV.

C Alternate axion-matter coupling choice for spontaneous baryogenesis

Recall that in constructing figure 2 for the parameter space that produces the correct baryon
asymmetry we make the choice caG = caf = 1. In this appendix we consider the alternate
choice caG = 1, caf = 0, which implies that the axion couples to gauge fields but has no
direct coupling to fermions (see (4.3)). In figure 6 we show the analogue of figure 2 for this
alternate choice of heavy axion couplings. Note that the baryon asymmetries are generically
suppressed relative to in the case where the axion couples at tree level to fermions; this is
mostly because the axion-top coupling is the most efficient operator for baryon production,
so removing this operator suppresses the baryon asymmetry production.
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