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Outline

Walls in the early Universe

Axionic strings and walls

Many axions



Field theory walls

▶ It is likely that the Universe was in a more symmetric state
at early times and high temperatures.

▶ The present state was reached after several phase
transitions, that possibly generated domain walls.

▶ Their decay might have generated detectable signals in the
form of GWs, PBHs, . . .



Why axions?

▶ Well-motivated: strong CP-problem, promising DM
candidates, . . .

▶ Broad experimental program based on the Primakoff
process: axions transform into photons in external
magnetic fields (and vice versa).

▶ Less constrained ALPs naturally appear in UV completions
of the SM.

▶ Interesting phenomenology of dark matter distribution.



Axion signals
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Axion signals
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Field theory axions
The PQ axion is realized by

L = |∂µΦ|2 − λ

∣∣∣∣|Φ|2 − fa
2

∣∣∣∣2.
At high temperatures |Φ| is in thermal equilibrium and has a
thermal mass ∼

√
λT . PQ symmetry breaking results in a

heavy radial mode and a Goldstone boson a:

Φ =
fa + s√

2
eia/fa .

A network of axion strings is generated,

Φ =
fa√
2

g(msr)eiθ,

that get dressed by one or more DWs at the QCD epoch, when
the axion gets a mass.



PQ phase transition
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PQ phase transition
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String-DW networks
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Axion potential



String-DW networks
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TD networks and PTA

10−10 10−9 10−8

Frequency [Hz]

10−13

10−12

10−11

10−10

10−9

10−8

10−7

Ω
G

W
h

2

DWs

DWs, δ, β = 1

SMBHBs

IPTA DR2

NG12

R. Ferreira, A. Notari, OP, FR, 2204.04228; ...



The axiverse

▶ Axion like particles appear in string theory constructions,
as the zero modes of higher dimensional gauge fields.

▶ The higher dimensional gauge symmetry protects the
quality of the PQ solution.

▶ Typically, an ensemble of axions is predicted to exist, that
could play an important role in cosmology.

L ⊃ −Kij

2
∂µai∂

µaj − Λ4
n

[
1 − cos

(
Nni

ai

fi
+ δn

)]
(1)

Svreck & Witten, hep-th/0706206; Arvanitaki et al arXiv:09054720; Benabou et al.

arXiv:2312.08425



A two axion toy model

Let’s assume the strings source the axion flavor state a1. The
potential generated by the instanton associated with the largest
scale Λ is:

V (a1,a2) = Λ4
[
1 − cos

(
N1

a1

f1
+ N2

a2

f2

)]
(2)

A different instanton generated potential lifts the degeneracy:

Vb(a1) = Λ4
b

[
1 − cos

(
Nb

a1

f1

)]
, (3)

with Λb ≪ Λ. Let us consider an example with N2 = 2,
N1 = Nb = 1 and instanton scales of Λ = 10 TeV and Λb = 10
GeV.



String network evolution

Thickness of DW governed by mass of a1,

δ−1 = N1Λ
2/f1,

and they are “produced” when H ∼ δ−1.
At this time the strings dominate the energy density of the
network. For string theory axions with unwarped compactified
extra dimensions, strings have tension

µ = κf1MPl,

which is parametrically larger than field theory axion strings
with µ ∝ f 2

1 .

J.N. Benabou et al. 2312.08425

.



DW network evolution

Initially, the DWs have negligible energy density, but they
eventually start dominating at:

T∗ ≃ Λ

(
f1

MPl

) 1
4
(

45
2π2g∗

) 1
4

.

The DWs eventually decay due to the bias potential

∆V ≈ Λ4
b sin

2
(
πNb

N1

)
= Λ4

b

at the time when the pressure force due to ∆V is equal to the
surface tension of the walls σ = 8f1Λ2,

tann = Cann
Aσ

∆V
≈ Cann

8Af1Λ2

Λ4
b

.



Size of the bias term

In a radiation dominated universe, the network annihilates at

Tann ≡ T (tann) ≈
Λ2

b
Λ

(
MPl

f1

) 1
4

,

when the DWs contribute

ΩDW(tann) =
4 · 82

3
A2Cann

f 2
1 Λ

4

Λ4
bM2

Pl
.

To prevent walls dominating the universe we find the lower
bound:

Λb ≥
(

4π
3
A2Cann

) 1
4

Λ

√
8f1
MPl

.



Size of the bias term

On the other hand, unless

Λb ≤ Λ

(
f1

MPl

) 3
8

,

the network annihilates before the walls dominate the strings.
In this case, the contribution of the strings to GWs, . . . , cannot
be ignored.



Annhilation temperature
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Phenomenology

The network annihilates quickly, generating GWs and axion
dark matter within one Hubble time of tann.
In addition, a small surviving fraction at

fDW ∼ exp

[
−
(

t
tann

)3/2
]
,

may give rise to PBHs.

R. Ferreira, A. Notari, O. Pujolàs and F. Rompineve, 2401.14331; FF, E. Masso, G.

Panico, O. P. & F. R., 1807.01707; Dunsky & Kongsgore, 2402.03426

The contribution of strings remains important until much later
compared to FT strings, enhancing GW and axionic DM
production.



GWs from network annihilation
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Experimental limits
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Axion dark matter

The annihilation of the network produces mildly relativistic
axions of the a1 flavour eigenstate, but the abundance in the
late universe is dictated by the properties of the mass
eigenstates.
The constraint on Λ and Λb that prevents DW from dominating
the universe, but at the same time allows the walls to dominate
the strings and have observable effects, demands that the
instanton scales be well separated, Λ ≫ Λb. In this regime, the
heavier mass eigenstate predominantly couples to the
instanton with the largest scale:

ϕ2 ∼ N1a1 + N2

(
f1
f2

)
a2.



Properties of the mass eigenstates

Axions can decay into SM particles and other axions.
Couplings to other axions are suppressed due to large
hierarchies between instanton scales, and SM couplings are
highly model dependent.
But, in many explicit constructions, the coupling to photons
appears to be robust:

τϕ2 =
256π3f 5

(N2
1 + N2

2 )
3
2α2

EMΛ
6
= 8.8×1020 s

(
f

1010GeV

)5 (102GeV
Λ

)6



Axion production
Moderately relativistic axions are produced from the collapse of
the network. For instance, the evolution of the energy density of
the walls is given by:

dρdw

dt
= −Hρdw − dρdw

dt

∣∣∣∣
emission

, (4)

dρa

dt
= −3Hρa +

dρdw→a

dt
, (5)

dρgw

dt
= −4Hρgw +

dρdw→gw

dt
, (6)

and at later times the total energy in axions is then found to be:

Ea(t) ≃ R3(t)
(
Aσdw

t
− 4

3
ϵgwGσ2

dwA2
)
, (7)

from which we can find the abundance of different mass
eigenstates.

To this, we need to add the emission from strings and a
contribution from misalignment.
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Annhilation temperature
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Conclusions

▶ Axion-like-particles generically appear in string theory
constructions, naturally addressing the PQ quality problem.

▶ Axionic strings accompanied by DWs are expected to exist
in the early universe.

▶ In some constructions, the strings have tensions
parametrically larger than in typical FT constructions. This
gives rise to interesting GW signals upon network decay.

▶ The decay also produces axion particles. The lightest state
might have a lifetime larger than the age of the Universe,
and could constitute the dark matter.

▶ Further consequences to be explored include PBHs, . . .
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Mass eigenstates
The mass matrix for the flavour states

L ⊃ −1
2

(
a1
a2

)⊤(
M2

a1
M2

a1a2

M2
a1a2

M2
a2

)(
a1
a2

)
,

can be diagonalized by a rotation to obtain the massess of the
mass-eigenstates:

M2
φ1

=
1
2

(
M2

a1
+ M2

a2
−∆2

)
,

M2
φ2

=
1
2

(
M2

a1
+ M2

a2
+∆2

)
,

where we assumed Mϕ2 > Mϕ1 . Here the elements of the mass
matrix are:

M2
a1

=
N2

1Λ
4 + N2

bΛ
4
b

f 2
1

,

M2
a2

=
N2

2Λ
4

f 2
2

,

M2
a1a2

=
N1N2Λ

4

f1f2

(8)



String axiverse details

Conjecture: Given an extra-dimensional axion with decay
constant fa there exists an associated axion string with core
tension

µ∗ ≈ 2πSinstf 2
a .

Reece, 2406.08543

Example: axion descending from C4 in type IIB has an
associated axion string of a D3 brane wrapped on the 2-cycle
dual to the circle on which C4 is dimensionally reduced. The
instanton action in the absence of warping is Sinst ∼ MPl/fa so
µ ∼ πfaMPl.
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