
SO(10) Unification - Beyond Flat Space-Time

Peter Minkowski

Albert Einstein Center for Fundamental Physics - ITP, Unive rsity of Bern

Abstract
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1 - Introduction

The present outline goes back 40 years to questions arising f rom our common paper with Harald

Fritzsch, elaborated 1973 - 1975 at Caltech, published as re f. 1 = [1-1975] .

The most pressing question then, was raised by Murray Gell-M ann : ”Now you must extend your

unification scheme to at least include rigid supersymmetry. ”, and he added ”Maybe this gives a clue as ro

small neutrino masses.” I answered : ”I will think about it” .

This thinking is testified, here, with respect to neutrino ma sses in ref. 2 = [2-2015] , 40 years later, and

with intermediate answers in ref. 3 = [3-1997] with reapect t o breaking of pure (N=1) superYang-Mills

systems, after 22 years, and refs. 4 = [4-2003] and 5 = [5-2003 ] including classical supergravity

backgrounds, after 28 years.

Only within the last months I cpntacted Murray Gell-Mann per e-mail, since he was unable to participate

at the ISSP2015 in Erice earlier this year, against his origi nal plan. My answer was : ”Only now I arrived at

an answer to your question, Murray, which is no, I do not need t o extend the original scope of our paper

with Harald Fritzsch ( ref. 1 = [1-1975] ) to include any form o f susy.”

The derivations leading to the above answer were mainly laid out in ref. 2 = [2-2015] as contribution to

the Workshop on Neutrinos , Nanyang Technological Universi ty, Singapore, 09. - 14. February 2015 .

In section 2 we will pass in short review the derivation added as ’Notes’ in in ref. 2 = [2-2015] , that Dark

Matter is composed of the weakly interacting light neutrino flavors ν e , ν µ , ν τ and their

antiparticles, in the sense of beeing described by Majorana fields.
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2 - Note added in proof: Dark matter is formed by the 3 predomin antly active light neutrino-antineutrino

flavors, proof by elimination of alternatives

In correcting the original slidefile: singanu2015.pdf , whi ch contains my contribution to the Conference

on Massive Neutrinos , 09.-14. February 2015, IAS, Nanyang T echological University, Singapore, entitled

’Massive Neutrinos and SO (10) Unification’, I realized that combining its content with related papers of

the author, not discussed there, an important consequence f or the nature of Dark Matter can be reached

by elimination of alternatives. – This Note is devoted to thi s topic.

The first alternative concerns the ’Strong CP Problem’ , whic h is rejected in its very existence in the

paper by the author from 1978, forming ref. 6 = [6-1978] .

The second alternative concerns a rigid supersymmetry stru cture enriching an exact and broken gauge

theory containing the Standard Model , as well as extension o f this supersymmetric structure to open

and closed superstrings. Hereto let me cite a recent paper by Ashoke Sen , ref. 7 = [7-2015] .

A candidate for Dark Matter in the above framework , beeing th e Lowest Supersymmetric Partner Particle

(LSP) beeing stable or sufficiently long-lived , is compromi sed by the trance anomaly in uncurved 3+1

dimensions in ref. 8 = [8-1977] . The latter investigation wa s prompted by underpinning the universal

scale of the slope of Regge trajectories, whence interprete d as oscillatory modes of u,d,s quark- and

antiquark flavors in QCD , published for mesons in ref. 9 = [9-1 979] and for baryons in ref. 10 = [10-1980] .

−→
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Later we investigated and established in my group of collabo rators at the ITP in Bern direct proofs for

special cases of supersymmetric gauge theories. I cite here only 3 papers in acending order of time: 1

with Markus Leibundgut ref. 3 = [3-1997] and 2 with Luzi Berga min ref. 4 = [4-2003] and ref. 5 = [5-2003] .

This eliminates Alternative 2 .

Qod erat demonstrandum What was to be demonstrated

Ibi tertium non datur In this outline a 3d Alternative is not given

What remains to be done, in the hopefully not too distant futu re, is to show how the electromagnetic

long-range interactions of the mainly active 3 neutrino and antineutrino flavors develop a vacuum

condensate and as a consequence their equilibrium density a nd pressure do not correspond to (almost)

massless free states at a corresponding temperature of ∼ 2 ◦ K . Here the original framework was laid

out in a paper with Raul Horvat and Josip Trampetic: ref. 11 = [ 11-2008] .

The cold dark natter energy density is according to the PDG [1 2-2014]

Ω cdm = 0.265(11) Ω crit ; ̺ e crit = 0.05375(13) × 10 7 h 2 meV cm −3

∼ 2.434 × 10 5 meV cm −3

cm −1 = 0.019732 meV , cm −3 = 7.6835 × 10 −6 meV 3

(1)

−→

– p. 5



2-3

It follows using rational units based on 1 meV

̺ e crit ∼ 1.871 meV 4 ; deg K ∼ 0.862 × 10 −4 meV

−→ ̺ e dark ∼ 0.496 meV 4 ; ̺ e dark = Ω dark ̺ e crit ; Ω dark = 0.265(11)

(2)
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In Fig. 1 we plot the nonrelativistically approximated ther mal energy density for 3 neutrino-antineutrino

flavors with masses

m ν 1 = m ν , m ν 2 = 10m nu 1 , m ν 3 = 50m nu 1

̺e ν ∼
(√

2 π/ π 2

)

T 4 (m / T ) 3/2 e −m/T ; ν → ν 1,2,3‘

(3)

The ratios

r (m [meV] ) = ̺e ν s / ̺ e dkm obs

become

r ( 0.1 ) = ( 5694 ) −1 , r ( 0.4 ) = ( 2746 ) −1 , r ( 1.0 ) = ( 9030 ) −1

(4)
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3 - Conclusions - Outlook

1) SO10 and grvity

The chargelike unifying gauge group of SO10 exhibits a remar kable stability in the limit of

vanishing curvature underlying quantized gravity , once th e full range of the gravitational

interactions , including the associated nonperturbative d omain is shown to be amenable to this

limit (of negligible curvature) .

This hurdle mastered , the uncurved space exhibits two persi sting dynamical properties :

a) spomtameous and anomalous breaking of scale invariance – the ressidual traceanomaly

b) restoration of CP violation in the limit of pure QCD , indep endent of quark masses and mixings ,

a Josephson effect . This was derived by the author in ref. 6 = [ 6-1978] .

2) Neutrino mass and mixing and Dark Matter

This brings into focus the hypothesis that neutrino flavors i ntrinsic to SO10 form the observed

Dark Matter . This was discussed in the recent paper in ref. 13 = [13-2015] .

3) Main previous results

The main results used are based on R. Horvat, P. Minkowski and J. Trampetic : ref. 11 = [11-2008] .

−→
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3) continued

We present ref. 11 = [11-2008] at the end of this outline .

4) We hope that for the case in hand, the presented material wi ll help to devise improved , adequate

strategies in the experimental DM search .

Thank you

4 - Dark consequences from light neutrino condensations

−→

– p. 9



Dark consequences from light neutrino condensations

Raul Horvat
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Abstract

In this paper we discuss light neutrino dipole mo-

ments, computed in the neutrino-mass extended stan-

dard model (SM), as a possible source for neutrino

condensates which may cause cosmological constant

observed today.

In this paper we propose light neutrino long range dipole-

dipole forces arising from dipole moments, computed in the

neutrino-mass extended standard model (SM), as a possible

source for neutrino condensates. These condensates will cause

acceleration through the associated cosmological constant pro-

vided the vacuum pressure is dominant and negative [1]. The

computation depends on the nature of the neutrinos, however,
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we first discuss the consequences of the neutrino-photon in-

teraction with characteristic electromagnetic properties of Ma-

jorana neutrinos: the transition dipole moments [2, 3, 4, 5,

6]. These minuscule transition dipole moments are sensitive

probes of fluctuations at scales as small as 10−35 cm [7], as

seen through electromagnetic interactions at long range. This

can also shed more light on the expansion of the universe and

the cosmological constant problem [1].

The transition matrix elements relevant for νi −→ νj ; i 6=
j in neutrino mass extended standard model for Majorana neu-

trinos are given in [2, 3, 4, 5, 6]. The photon-neutrino effective

vertex is basicaly determined from the νi −→ νj γ transition,

which is generated through electroweak processes that arise

from one-loop diagrams via the exchange of ℓ = e, µ, τ lep-

tons and weak bosons, and is given by

Jeff
µ ǫµ(q) =

{
F1(q

2)ν̄j(p
′)L (γµq

2 − qµ 6q) νi(p)L
− iF2(q

2)
[
mνj

ν̄j(p
′)R σµν q

ννi(p)L

+ mνi
ν̄j(p

′)L σµν q
ννi(p)R]} ǫµ(q).(5)

The above effective interaction is invariant under electromag-

netic gauge transformations. The first term in (5) vanishes for

real photon due to the electromagnetic gauge condition.

The general decomposition of the F2 term of the transition

matrix element T [A,B] obtained from (5), leads to the well
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known expression for the electric and magnetic dipole moments

delji =
−e
M∗2

(
mνi
−mνj

)∑

k=e,µ,τ

U†
jkUkiF2(

m2
ℓk

m2
W

),(6)

µji =
−e
M∗2

(
mνi

+mνj

)∑

k=e,µ,τ

U†
jkUkiF2(

m2
ℓk

m2
W

),(7)

where i, j = 1, 2, 3 denotes neutrino species, and

F2(
m2

ℓk

m2
W

) ≃ −3

2
+

3

4

m2
ℓk

m2
W

,
m2

ℓk

m2
W

≪ 1,(8)

was obtained after the loop integration. In Eqs. (6) and (7)

M∗ = 4π v = 3.1 TeV, where v = (
√
2GF )

−1/2 = 246
GeV represents the vacuum expectation value of the scalar

Higgs field [7].

Note that in the case of a mass degenerate pair the electric

dipole moment vanishes, while the magnetic one is dominated

by the first term in (8). In the case of off-diagonal transition

moments, the first term in (8) vanishes in the summation over

leptons due to the orthogonality condition of the neutrino mixing

matrix U [8] (GIM cancellation).

The mixing matrix U is governing the decomposition of a

coherently produced left-handed neutrino ν̃L,ℓ associated with
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charged-lepton-flavor ℓ = e, µ, τ into the mass eigenstates

νL,i:

|ν̃L,ℓ; ~p 〉 =
∑

i

Uℓi|νL,i; ~p,mi 〉,(9)

The characterizing feature of Majorana neutrinos (i.e. 4-

component notation the Hermitian, neutrino-flavor antisymmet-

ric, electric and magnetic dipole operators), i.e. fields that do

not distinguish particle from anti-particle (ψi = ψc
i ), producing

a transition matrix element T[A,B] which is a complex anti-

symmetric quantity in lepton-flavor space:

Tji = −iǫµν̄j [(Aji −Aij)− (Bji −Bij)γ5]σµνq
ννi

= −iǫµν̄j [2iℑAji − 2ℜBjiγ5]σµνq
ννi ,(10)

i.e. antisymmetric with respect to neutrino mass eigenstates.

From this equation it is explicitly clear that for i = j, delνi
=

µνi
= 0. Also, considering transition moments, only one of

two terms in (10) is non-vanishing if the interaction respects

CP invariance: The first term vanishes if the relative CP of

νi and νj is even, and the second term vanishes if it is odd

[5]. Dipole moments describing the transition from Majorana

neutrino mass eigenstate-flavor νj to νi in the mass extended
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standard model are:

delνjνi
=

3 i e

2M∗2

(
mνi
−mνj

) ∑

k=e,µ,τ

m2
ℓk

m2
W

ℜ(U†
jkUki),(11)

µνjνi
=

3 i e

2M∗2

(
mνi

+mνj

) ∑

k=e,µ,τ

m2
ℓk

m2
W

ℑ(U†
jkUki) ,(12)

where the neutrino-flavor mixing matrix U is approximatively

unitary, i.e it is necessarily of the following form [7]

3∑

i=1

U†
jkUki = δji − εji,(13)

where ε is a hermitian nonnegative matrix (i.e. with all eigen-

values nonnegative) and

|ε| =
√
Tr ε2 = O (mνlight

/mνheavy
) ∼ 10−22 to 10−21.

(14)

It is important to note that the first term δji from (13) in our case

does not contribute, and that the case |ε| = 0 is excluded by

the very existence of oscillation effects.

The transition dipole moments in general receive very small

contributions because of the smallness of the neutrino mass,

|mν | ≃ 10−2 eV [9]. The largest contribution among them
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is proportional to ℜ and ℑ parts of U†
3τUτ2, which corre-

sponds to the 2 → 3 transition. For the sum and difference

of neutrino masses we assume hierarchical structure and take

|m3 + m2| ≃ |m3 − m2| ≃ |∆m2
32|1/2 = 0.05 eV [9].

For the mixing matrix elements [8] we set |ℜ(U†
3τUτ2)| ≃

|ℑ(U†
3τUτ2)| ≤ 0.5.

The electric and magnetic transition dipole moments of neu-

trinos delν2ν3
and µν2ν3

are then denoted as
(
delmag

)
23

and are

given by

∣∣∣
(
delmag

)
23

∣∣∣ =
3e

2M∗2

m2
τ

m2
W

√
|∆m2

32|
(|ℜ(U†

3τUτ2)|
|ℑ(U†

3τUτ2)|

)
,

<∼ 2.03× 10−30[e/eV] = 0.38× 10−34 [e cm],

= 2.07× 10−24 µB.(15)

Note that neutrino mass extended standard model, as a

consequence of loops (8), produces four orders of magnitude

higher moments for a Dirac neutrino versus Majorana neutrino

(15), due to an (m2
ℓ/m

2
W )-suppression of Majorana moments

relative to the Dirac ones [10].

Also note that electric transition dipole moments of light

neutrinos are smaller than the ones of the d-quark. This is

the order of magnitude of light neutrino transition dipole mo-

ments underlying the see–saw mechanism [11]. It is by or-
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ders of magnitude smaller than in lepton flavor unprotected

SUSY models. See properties of neutrinos with respect to

models which contain flavor mixing, the mass spectrum, dipole

moments, electroweak radius, ect. including additional con-

tributions arising from SUSY GUT’s, extra dimensions, non-

commutativity of space-time, etc., in [2, 12] and refs quoted

therein. Of course rigorously established experimental bounds

on the dipole moments of neutrinos are by orders of magnitude

weaker than implied by our hypotheses (15). The properties of

astrophysical neutrinos can be found in the following references

[2, 13].

Up to this point our presentation is fully relativistic but valid

only for not too large momenta as appropriate for the long range

approximation adopted.

The non-relativistic components of electric and magnetic

fields, whose coefficients are our electric and magnetic dipole

moments, are

Ej(~d|0) =
1

4π
dk ∂k ∂j

1

r
,(16)

Bj(~µ|0) =
1

4π
µk [∂k ∂j − δkj ∆]

1

r
,(17)

For dipole ”~d” at position ”0” determined with position vector ~x0
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we have the following fields at point ~x:

~E(~d|0) =
1

4π

(
3~e(~e~d)− ~d

) 1

r3
− 1

3
~dδ3(~x− ~x0) ,(18)

~B(~µ|0) =
1

4π

(
3~e(~e~µ)− ~µ

) 1

r3
+

2

3
~µδ3(~x− ~x0) .(19)

r = |~x − ~x0|, ~e = (~x − ~x0) /r, ∂n = ∂/∂xn
.

For neutrinos in the non-relativistic equal dipole-dipole ap-

proximations they are of the form represented by hermitian op-

erators whose matrix elements are given in Eqs (6,7,10,11,12).

Restricting to equal dipole-dipole interactions only in the

case of transition 1 → 2 we define relative distance vector

as ~e = (~x − ~x′)/r where ~x and ~x′ are position vectors of

dipole 1 and 2 respectively, and obtain well known dipole-dipole

potential

V (d , d′) = − 1

4π

(
3(~d~e)(~d′ ~e) − (~d ~d′)

) 1

r3

+
1

3
(~d ~d′) δ3 (~x′ − ~x),(20)

V (µ , µ′) = − 1

4π

(
3(~µ~e)(~µ′ ~e) − (~µ ~µ′)

) 1

r3

− 2

3
(~µ ~µ′) δ3 (~x′ − ~x).(21)

The discussed above dipole moments give rise to electric and

magnetic long range dipole-dipole forces, which are the only
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ones in the non-relativistic setting. Hence only the nonlocal

terms in the potentials V (d , d′ ) , V (µ , µ′) are of concern

to us here.

Note that by introducing the gravitational potential for any

neutrino pair

Vgravity = −GN δj1i1 δj2i2
mνi1

mνi2

| r | , i1 < i2 .(22)

and equating the generic absolute values of gravitational and

dipole-dipole potentials, (21) and (22), at r = R 6= 0, together

with Eq. (15), we obtain the interesting characteristic distance

R =

√
αem

mνi2
mνi3

∣∣∣∣∣

(
delmag

)
23

e
MPl

∣∣∣∣∣ ,

=

√
αem

500
× 0.38× 10−34

(
1cm

LPl

)
× 0.0197 [cm] ,

= 1.77× 10−6 [cm] ,(23)

where the above unique long-range potentials are comparable.

We assume that light neutrino condensates, due to neu-

trino transition dipole moments interaction energy, are also re-

sponsible for formation of dark energy. To estimate the dark en-

ergy density due to ν-dipole potentials, ρνDED, we first find the

absolute value of the caracteristic energy due to dipole-dipole
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interaction< ǫν >vac:

< ǫν >vac ≃ |
∫
d3r V |
v

=
1

v

∣∣∣
2

3

Nν∑

i,j=1

~µi~µj

∣∣∣ ,(24)

where v is an intrinsic volume andNν is number neutrino pairs.

Next we define |µ|2 as caracteristic measure of quadratic dipole

strenght:

|µ|2 =
∣∣∣
2

3

Nν∑

i,j=1

~µi~µj

∣∣∣ ,(25)

and then the dark energy density due to ν-dipoles is

ρνDED =
< ǫν >vac

v
=

( |µ|
v

)2

.(26)

This is maximal for the case for µ × µ′ = µ21 × µ12 =
−(µ12)

2 = |µ12|2 ≃ |µ|2, etc. Namely in the two neutrino

channel (both spins, i.e. ν and/or ν̄) the dipole-dipole interac-

tions do not change the total energy ∼ m1 +m2, provided

that the pair is composed of two different mass-flavors, i.e.

1 6= 2 (in the s-channel). Antisymmetric type of interactions

just changes the flavor ordering ν1,m1
ν2,m2

→ ν2,m2
ν1,m1

,

(i.e. m1 ←→ m2 at fixed 1, 2). This gives the overall contri-

bution, for dij → d12 with ij mass-eigenstate-flavors, which
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is, for example, d × d′ = d21 × d12 = −(d12)2 = |d12|2
because of the factor i2 coming from −(d12)2. Thus the at-

traction or repulsion is within one mass-pair-channel and thus

fully active without changing the mass of the pair provided of

course the mass-flavors in the pair are distinct.

In this way identifing, by hypotesis, (26) with the measured

dark energy density today ρDED we have found:

v =
( |µ|2
ρDED

)1/2

=
4π

3
R3

ν ,

Rν =
( 9

16π2

|µ|2
ρDED

)1/6

,(27)

where Rν is linear size of intrinsic volume v.

If we choose for |µ| the value of the dipole moments in Eq.

(15) and from observation ρDED = (2.3 meV)4 × h2

0.5 , with

h = 0.73 being present day normalized Hubble constant [14]

we obtain:

Rν = 0.84× 10−13cm ≃ (200MeV)−1 .(28)

Note that R−1
ν ≃ 200 MeV relates intrinsic volume v to a

cosmological period corresponding to T ∼ R−1
ν which repre-

sents a distant past of cosmological evolution.

From (23) and (28) it follows Rν ≪ R which is consis-

tent with the dipole moment interaction dominating gravitational

ones.
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The elementary 4-neutrino interaction energy density is ob-

viously very small, but it has a collective (number of neutrinos)2

growth. In addition it definitely will have, for arbitrary moments

otherwise, an attractive sub-channel, depending on neutrino

spins. The attraction will generate condensation phenomena,

i.e. neutrino-condensates, by the Fermi-criterion, and since

gravity is always attractive those two facts together lead to neu-

trino condensation phenomena relative to a free fermion gas.

Here we only consider condensates giving rise to a cosmo-

logical term or equivalently to vacuum energy-density. Assum-

ing nonvanishing neutrino condensates due to dipole and grav-

itational long range interactions giving rise to a cosmological

term, (and/or to vacuum energy density and pressure), i.e. not

canceled by a readjustment of gravitational effects, it follows

that these condensates are a specific source of dark energy.

The condensate will correspond eventually to some ’vacuum-

energy density’ and may not be canceled as all other larger

condensates, e.g. of QCD, electroweak [15], etc.

The condensate will then alter the neutrino energy-momentum

dependence as compared with free massive neutrino motion

and thus the mean energy density in neutrinos will be larger

for a given thermal ensemble and the same temperature. This

temperature is approximately 2◦K today in ’the universe’ and

it corresponds to ν-number density nν0
, i.e. nν0

≃ 300 free

neutrinos per cm3 at present.
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From known cosmological parameters we have dark en-

ergy density today, while energy density of free light neutrinos

(above vacuum), at temperature 2◦K and assuming neutrino

mean mass mν ≃ 20 meV, is ρED = (0.4634 meV)4.

Ratio of those two facts

(dark energy density)

(ν − number density) × (ν −meanmass) ,

produces an interesting experimental number:

ρDED

ρED
= (

2.3369

0.4634
)4 = 5.0434 ≃ 647.(29)

Neutrino mean mass of 20 meV was used due to the assump-

tion of normal neutrino family hierarchy. Of course this number

is larger in the case of inverted hierarchy.

If our analysis can overcome the factor 647 and further-

more, since we are comparing two very different types of en-

ergy densities, this could be transfered to neutrino conden-

sates.

The experimental ratio in Eq. (29) has no direct bearing on

the size of the neutrino condensates, which represent vacuum

energy density. It is used only here in order to emphasize that

we cannot exclude the possibility that the sum of neutrino con-

densates equals the observed dark energy density ρDED in

value (2.34 meV)4 and sign (positive), causing acceleration
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of the universe expansion today (and tomorrow) and beeing de

Sitter-like. Our entire approach also ilustrates the sign of dark

energy density which is inconsistent with stability in the frame-

work of local field theory in uncurved space-time.

This could be related to another inconsistency arising from

large, but finite, lifetimes of not only light neutrions and ’baryons’.

Our estimate of unstable neutrino lifetime from the decay rate

in the neutrino-mass extended standard model (SM)

Γ(νh → νℓ γ) =
m5

νh

16π

(GF√
2

e

4π2
U†UF2

)2

≃ 1.6× 10−63 meV ,(30)

gives

τνh
≃ 4× 1051 s .(31)

This value was obtained from ν-dipole moment interaction (5)-

(15) with neutrino mass: mνh
= 50 meV.

It is interesting to notice that due to the sign of (24-26), the

total energy density, ρ, of relic neutrinos,

ρ = mνnν − ρνDED(= n2ν |µ|2) ,(32)

may have an extremum during the cosmological evolution. Namely

nν = nν0
a−3, with a being the scale factor of the universe.

This, in turn, may entail consequences for an accelerating phase
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of the expansion of the universe, since near extremum aext,
the EOS for relic neutrino gas,

wν + 1 = −1

3

∂

∂(log a)
(log ρ) = −1

3

a

ρ

dρ

da
,(33)

switches to≈ −1 . Indeed, from (32) we find

aext =
(2nν0

|µ|2
mν

)1/3
.(34)

If we are to explore effects for a late-time accelerating phase,

then we should set aext ∼ 1. However, even for magnetic

moments as large as 10−10µB , the neutrino mass would be

hopelessly tiny to induce any observable effect on present ac-

celeration of the universe.

As a way out of the above inconsistency one can recall a

recent model proposed by Fardon, Nelson and Weiner (FNW)

[16] and developed later by Kaplan, Nelson and Weiner [17],

and Peccei [18], in which relic neutrinos are tied together with

the sector of ‘standard’ dark energy (represented by a canoni-

cally normalized scalar field). The model is very appealing with

regard to the ‘cosmic coincidence problem’ [19], since from the

known behavior of dark matter, ordinary matter and radiation

one finds that any reasonable tracking of these components

by dark energy always goes at the expense of the late time

transition of its equation of state, thus creating a new problem
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called the ”why now?” problem. On the other hand, if relic neu-

trinos can be kept tightly coupled to the original dark energy

fluid for most of the history of the universe, the near coinci-

dence at present, ρΛ ∼ ρν , will cease to be perceptive as a

coincidence at all. This was possible if the mass of the neu-

trino was promoted to a dynamical quantity, being a function of

the acceleron field (canonically normalized scalar field similar

to quintessence). The main feature of the scenario [16] is that

although the number density of neutrinos dilutes canonically

(∼ a−3), the masses of neutrinos change almost inversely

(∼ a−3w), thereby promoting their energy density to an al-

most undilutable substance. Hence relic neutrinos become

tightly coupled to the original dark energy fluid.

In addition, by applying the FNW scenario to our model,

in which the energy density for relic neutrinos is supplemented

with a term due to nonvanishing electro-magnetic moments, we

can draw some conclusions about intrinsic properties of neutri-

nos if also |µ| is considered as a dynamical field (some function

of mν). In this case one can show that in the FNW scenario

the EOS for the coupled dark energy fluid obeys

w + 1 =
mνnν − 2m2

ν |µ|2
ρtotaldark

.(35)

Since the neutrino contribution gives only a small fraction of

the total energy density, we have w ≃ −1, in accordance with
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what cosmological data imply. Also, the data imply very slow

variation ofw with a, which, taken in a literal sense, means that

both terms in the numerator of (35) should scale as ρtotaldark ∼
a−3(1+w). This entails, mν ∼ a−3w, |µ|2 ∼ a−3(1−w).

It is interesting to note that although the scaling of mν and

|µ| with a are formally different, they become the same in the

limit w → −1. This complies with the prediction of the min-

imally extended SM |µ|R ∼ |µ|, where to each generation

of fermions of the SM a right-handed neutrino field is added,

in contrast with more complicated models where the neutrino

magnetic moment is disentangled from the neutrino mass.

In conclusion, we have considered the cosmological con-

sequences of long-range interactions in a non-relativistic set-

ting and arising from various electromagnetic form factors of a

neutrino. We have emphasised the possibility that the responsi-

ble interaction itself has an attractive channel, leading neutrino

condensation phenomena to occur. This would entail a sort

of dark energy, responsible for the late-time acceleration in the

expansion of the universe. In addition, the energy density due

to neutrino electromagnetic moments, when superimposed on

the standard contribution of a neutrino background, may be re-

sponsible for acceleration phases during the history of the uni-

verse. When implemented in a recently suggested dark energy

scenario with mass varying neutrinos, the electromagnetic neu-

trino interaction may also shed some light on intrinsic neutrino
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properties.
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