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• An Axion-Like Majoron (ALM) model

• Cosmological evolution: H0

• BBN: deuterium, helium, lithium
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Motivation

• ΛCDM very successful, which underlines some tensions:

CMB observables

H0 = 67.71 ± 0.44 km/s/Mpc

CMB (Ωbh2)

η10 ≡ 1010 nb
nγ

= 6.14 ± 0.04

SNe-Ia

H0 = 73.01 ± 0.99 km/s/Mpc

Primordial deuterium

η10 = 5.98 ± 0.07

Primordial lithium

η10 = 3.28 ± 0.29

• Neutrino sector not yet understood:

Dirac fermions with EW masses? or tiny masses revealing a new scale?

SM – yνLH̃νR Why is yν so small? What protects νR?

SM –
1

Λν
LH̃H̃T Lc Seesaw with MX ≈ 1010 GeV or MX ≈ TeV + symmetry ?
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ALM model

• SM + 3 Majorana singlets (NL, Nc
R, nL) + scalar singlets (s1, s2, s3, . . . ),

valid below cutoff Λ ≈ 10 TeV, invariant (up to grav effects) under global U(1)X

spontaneously broken by a VEV ⟨s⟩ = vX/
√

2 ≈ TeV:

Li = (νiL eiL)
T ec

iR NL Nc
R nL H = (h+ h0)T s1, s2, s3, s4, . . .

QX +1 −1 −2 −1 0 0 1, 2, 3, 4, . . . e−iQX θ

Z3 α α∗ α α∗ 1 1 α, α∗, 1, α, . . . α ≡ ei 2π
3

pNGB ϕ : s =
1√
2
(vX + ρ) ei ϕ

vX =
1√
2
(vX + ρ + iϕ + . . . )

In particular : ⟨s3⟩ breaks U(1)X but preserves Z3

⇒ s = s3 would not generate neutrino masses nor couplings to ϕ

Take : s = s3 + ϵ s4 ⇒ light mν ∝ ϵvX as in inverse seesaw models

while the others are heavy with masses of order vX,

except for the Majoron (approximate symmetry)
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ALM model s ≡ s3 + ϵ s4

s′ = −ϵ s3 + s4, ⟨s′⟩ = 0

 ⇒ ⟨s4⟩ = ϵ⟨s3⟩ =
ϵ vX√

2
(ϵ ≪ 1)

−L ⊃ yL3H̃NR + y′s†
3 NLNR +

1
2

ΛnnLnc
L + yISs†

4 NLNc
L +

ỹ
Λ2 s3s†

4L2H̃Nc
L +

ỹ′

Λ2 s†
3s4L1H̃nc

L + h.c.

⊃ 1
2

(
ν1L ν2L ν3L NL Nc

R nL

)


· · · 0 0 µ̃′

· · · µ̃ 0 ·
· · · · m ·
0 µ̃ · µ M ·
0 0 m M · ·
µ̃′ · · · · Λn





νc
1L

νc
2L

νc
3L

Nc
L

NR

nc
L


+ h.c. − iλν′i

ϕν′iγ5ν′i

m = y
v√
2

≪ M = y′
vX√

2
1
2

µ = yIS
ϵvX√

2
1
2

µ̃ =
ỹ

Λ2
ϵv2

X
2

v√
2

1
2

µ̃′ =
ỹ′

Λ2
ϵv2

X
2

v√
2

⇒ mν′1
∼ µ̃′2

Λn
mν′2

∼ µ̃2

µ
mν′3

∼ µ
m2

M2 ≪ mν′4,5
∼

√
M2 + m2 ∓ 1

2 µ mν′6
∼ Λn λν′1,2,3

∼
mν′i

vX

light neutrinos heavy neutrinos ( >∼ TeV)
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ALM model

• Neutrino masses and couplings to Axion-Like-Majoron ϕ with (drop primes ’)

Lint ⊃ iλνi ϕνiγ5νi −
1
4

gϕγγ ϕF̃µνFµν − 1
2

m2
ϕϕ2

INPUTS: mϕ = 0.5 eV , gϕγγ = 1.46 × 10−11 keV−1 , λν3 = 6.8 × 10−14 , vX = 900 GeV

τϕ = 3.5 × 1012 s , B(ϕ → ν3ν3) = 0.96 ⇐ B(ϕ → γγ) =
g2

ϕγγm3
ϕ

16λ2
νi

mϕ
∼ 10−15

⇑ Γ(ϕ → νν̄) ∝ λ2
νmϕ (decays before recombination)

• Note: This small gϕγγ (astrophysical bounds) can be generated at one loop introducing
2 heavy vectorlike charged lepton singlets (E1L, Ec

−1L) and (Ec
−4R, E4R) with QX = ±1,±4:

−L ⊃ yE s†
3E1LE4R + M E1LEc

−1L + M Ec
−4RE4R + h.c. ⊃ − iλE ϕEγ5E λE ∼ yE

m′

M
∼ y2

E
vX

M

φ

γ

γ

E

E

E

⇒ gϕγγ ∼ αλE

πM
∼ αy2

EvX

πM2 (m2
ϕ ≪ 4M2)
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Cosmological evolution T > 1 MeV

• ϕ starts decoupling at T ∼ 106 GeV [γA ↔ ϕA, γℓ ↔ ϕℓ and ϕ ↔ νν̄ inefficient]

until T ≈ 500 GeV [heavy neutrinos become NR]

▷ Below T ≈ 500 GeV, entropy transferred to lighter dof, not to ϕ. For T ≈ 1 MeV:

g⋆s(T >∼ mtop)︸ ︷︷ ︸
all SM dof

T3
ϕ = g⋆s(1 MeV)︸ ︷︷ ︸

γ, e±, ν′s

T3 ⇒
Tϕ

T
=

(
10.75
106.75

)1/3

≈ 0.463

▷ So far: Tν = T and majorons represent a small contribution to energy density:

ρR = ργ + ρν + ρϕ ≡ ργ

[
1 +

7
8

Neff

(
Tν

T

)4
]

, Neff ≡ Nν
eff + ∆Neff ⇒ ∆Neff ≈ 0.026

• Neutrinos decouple at T ∼ 1 MeV and soon later e+ annihilate e−. For T < me:

g⋆s(T > me)︸ ︷︷ ︸
γ,e±

T3
ν = g⋆s(T < me)︸ ︷︷ ︸

γ

T3 ⇒ Tν

T
=

(
4

11

)1/3

In ΛCDM: Non-instantaneous ν decoupling and QED effects ⇒ Nν
eff = 3.043
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Cosmological evolution 1 MeV > T > 10 eV (includes BBN)

• Photon-axion oscillations in presence of a magnetic field

▷ Photons in a medium get an effective mass from interactions with free electrons

▷ If primodial magnetic field BT ≈ B0(T/T0)
2 (B0 = 3 nG, λ0 >∼ 1 Mpc)

⇒ photon mass separated in m+,×(T) (for A+, A× parallel, perp to B⃗)

⇒ photon-axion mixing mϕγ(T) = gϕγγBT/2 ma = −m2
ϕ/ω

5 10 50 100

10-7

10-6

10-5

10-4

0.001
[Raffelt, Stodolsky (1988)](ω + i∇)1 +


m+ 0 0

0 m× mϕγ

0 mϕγ ma





A+

A×

ϕ

 = 0

⇒ Resonance at T ≡ T ≈ 26 keV
(independent of x = ω/T)
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Cosmological evolution 1 MeV > T > 10 eV (includes BBN)

• Resonant photon-axion oscillations in presence of a magnetic field

▷ If ρϕ ≪ ργ ≈ ρ
eq
γ and Γϕ ≈ 0 [Ejlli, Dolgov (2014)]

Pϕ(x, T) ≈ −
(

2π

3H

) m2
ϕγ

ma

∣∣∣∣∣
T=T

∝ ω = xT

(photons of any energy convert to axions at the same T)

⇒ 4.4% of CMB γ carrying rγ ≡ 6.3% of ργ convert to ϕ at T ≈ 26 keV

(by averaging with BE number (energy) density distributions
x2(3)

ex − 1
respectively)

⇒ Sudden drop of γ temperature: ∆T/T0 = 1 − (1 − rγ)1/4 = 1.6%
⇒ Sudden increase of Neff:

ρ0
γ

[
1 +

7
8

N0
eff

(
4

11

)4/3
]
= ργ

[
1 +

7
8

Neff

(
4
11

)4/3
]

ρ
(0)
γ ≡ π2

15
T4
(0)

⇒ Neff =
3.043
1 − rγ︸ ︷︷ ︸

Nν
eff

+
0.026
1 − rγ

+
rγ

(1 − rγ)
7
8 (

4
11 )

4/3︸ ︷︷ ︸
∆Neff

⇒

 Neff ≈ 3.58

Nν
eff ≈ 3.25

J.I. Illana Photon to axion conversion during BBN 8



Cosmological evolution T < 10 eV

• Neutrinos and ϕ enter in thermal contact at T ≈ mϕ through ϕ ↔ νν̄

▷ nϕ and ρϕ of thermal (initial) plus non-thermal (after γ conversion) majorons at

T = 10 eV replaced by those of equilibrium for given Tϕ and µϕ. Same for ν’s.

▷ Time evolution by solving numerically system of DE ⇒ ρi, Neff, Γint [Escudero (2020)]
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Cosmological evolution T < 10 eV

• Neutrinos and ϕ enter in thermal contact at T ≈ mϕ through ϕ ↔ νν̄

▷ Increased Neff ≈ 3.85 due to energy transfer from ϕ to ν’s (mostly ν3)

when ϕ becomes NR (T <∼ 2mϕ) and later when it decays (t >∼ 10 τϕ)

▷ Γint peaks at T ∼ mϕ ⇒ reduction of neutrino free streaming at recombination

(t ≈ 1013 s, T ≈ 0.26 eV)
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Cosmological evolution T < 10 eV

• Effect on CMB and cosmological parameters [CLASS + MontePython]

TT power spectrum (relative to ΛCDM)
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Interactions only
Background only
ALM Best fit

——- Neff = 3.043, Γint ̸= 0

——- Neff = Neff(T), Γint = 0

▷ H0 in ALM model compatible with value from SNe-Ia !! (73.01 ± 0.99 km/s/Mpc)

▷ Ωbh2 in ALM model larger than in ΛCDM ⇒ how about BBN predictions !?
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BBN ⇔ primordial abundances as a function of η10 ≡ 1010 nb
nγ(T0)

≈ 274 Ωbh2

0.22

0.23

0.24

0.25

0.26

1 2 5 10

▷ From CMB obs [CLASS+MontePython]:
ηCMB

10

∣∣
ΛCDM = 6.14 ± 0.04

▷ From abundance of D and 4He [PRIMAT]:
ηBBN

10

∣∣
ΛCDM = 5.98 ± 0.07 ⇒ 2σ !
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▷ And lithium problem (10σ) !!
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BBN Deuterium (2σ) problem

• ALM model photon cooling (rγ = 0.063) at T = 26 keV (t ≈ 1900 sec ≈ 1
2 hour)

▷ From CMB observables [CLASS + MontePython]:
ηCMB

10

∣∣
ALM = 6.28 ± 0.04

▷ From abundance of D and 4He [modified PRIMAT] (nucl react ∼ untouched):
ηBBN

10

∣∣
ALM = 6.29 ± 0.07 ⇒ perfect agreement ! ≈ (1 − rγ)−3/4 ηBBN

10

∣∣
ΛCDM
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BBN Lithium (10σ) problem

• Generalized ALM model

▷ Take higher T that would require higher mϕ while keeping ϕ decay at recombination

▷ Use constraints to yield D/H within 1σ and 4He (YP) under control:

rγ = 1/3 (multiple oscillations) rγ = 0.9 (several axions?)
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8

▷ Extreme cooling (rγ = 0.9) at T ≈ 60 keV does the job !! (⇔ ηBBN
10 = (1 − rγ)3/4ηBBN

10 ≈ 11.4)
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BBN Lithium (10σ) problem

• Generalized ALM model

100 200 500 1000

10-10

10-8

10-6

10-4

0.01

1

——- ΛCDM

- - - - rγ = 0.9, T = 60 keV

(t ≈ 340 sec ≈ 6 min)

▷ Larger η10 ⇒ BBN starts earlier than in ΛCDM

⇒ Excess of heavier nuclei (3He, 4He) relative to more reactive n, D, 3H

▷ Production of 7Li and (particularly) 7Be interrupted after the sudden cooling at T

J.I. Illana Photon to axion conversion during BBN 15



Conclusions

• The smallness of neutrino masses may be explained:

– by a large scale, or

– by an approximate symmetry ⇒ one may expect a light ALM

• In the early universe a primordial magnetic field may induce the conversion of
CMB photons into axions ⇒ larger Neff and a larger η after BBN, than in ΛCDM

• The ALM becomes NR and decays into neutrinos near recombination

• The ALM model (rγ = 6.3% and T = 26 keV):

– alleviates the H0 tension

– provides a good fit to CMB observables

– yields the right deuterium abundance

• A generalized ALM model (rγ = 90% and T ≈ 60 keV):

– deuterium, helium and also lithium abundance consistent with observations
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