Physics Letters A 377 (2013) 945-951

www.elsevier.com/locate/pla

Contents lists available at SciVerse ScienceDirect

Physics Letters A

PHYSICS LETTERS A

Mass generation in the aether: Neutrino oscillations and massive 7\

gauge fields

Roman Tomaschitz

CrossMark

@

Department of Physics, Hiroshima University, 1-3-1 Kagami-yama, Higashi-Hiroshima 739-8526, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 29 January 2013
Accepted 13 February 2013
Available online 14 February 2013
Communicated by V.M. Agranovich

Keywords:

Dispersive spacetime

Mass eigenstates of Dirac fermions
Neutrino mixing in a permeable spacetime
Effective neutrino mass and flavor
oscillations

Effective mass-squares of gauge fields
Michelson-Morley experiments with
neutrino beams

Neutrino mixing is studied in an absolute spacetime conception based on a dispersive aether. The effect
of the frequency-dependent permeability of the aether on the interference phase of neutrino mass
eigenstates is analyzed. Neutrinos are treated as massless Dirac spinors, and mass eigenstates are due
to the neutrino permeability of spacetime. The aether can also generate effective gauge masses, resulting
in massive dispersion relations preserving the gauge symmetry. The propagators of gauge and spinor
fields are derived, illustrating mass generation by isotropic permeability tensors in the aether frame, the
rest frame of the cosmic background radiation.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

We investigate the generation of mass in the dispersion rela-
tions of Dirac particles and gauge fields. Neutrino masses required
for flavor oscillations as well as massive non-Abelian gauge fields
are obtained by coupling the massless wave equations to perme-
ability tensors. Flavor mixing [1-5] is compatible with sub- as well
as superluminal neutrino velocities [6-9], and arises in a disper-
sive spacetime due to the frequency-dependent permeabilities of
the aether [10,11].

The aether defines a distinguished frame of reference, physically
manifested as the rest frame of the isotropic cosmic microwave
background radiation [12-16], and wave fields couple to the aether
with isotropic permeability tensors in this frame [17-20]. We dis-
cuss the permeability tensors of Dirac fermions and gauge bosons,
the interference phase of neutrino mass eigenstates [1,5,21], as
well as gauge fixing and propagators in the dispersive aether, and
potential Michelson-Morley experiments with neutrino beams.

Dirac particles freely propagating in the aether are described by
the Dirac equation

Yug' vy +my =0 (1.1)

coupled to a real symmetric permeability tensor ghV(w), which
depends on the frequency of the spinor modes v oc exp(ik; (w)x*)
[10]. The Dirac matrices satisfy v,y + Yv¥u = 2040, Where yp is

E-mail address: tom@geminga.org.

0375-9601/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physleta.2013.02.028

anti-Hermitian, the y; are Hermitian, and the sign convention for
the Minkowski metric is 7,, = diag(—1, 1, 1, 1). Latin indices run
from one to three, Greek ones from zero to three; the latter are
raised and lowered by the Minkowski metric. The wave 4-vector is
ky, = (—w, k), k=k(w)ko, where ko is the unit wave vector and
k(w) the wave number depending on the permeability tensor. In
the aether frame, the permeability tensor is isotropic,
00

g¥=—c@), g"=6"/uw, g%=o (12)
where ¢ and p are positive frequency-dependent permeabilities.

In Section 2, we discuss neutrino oscillations based on a mas-
sive Dirac equation (1.1) coupled by a permeability tensor (1.2)
to the aether. In Section 3, we demonstrate that the interference
phase can be generated by dispersive permeabilities (1.2) without
a mass term in the wave equation. In Section 4, we study gauge
and Proca fields in a permeable spacetime, in analogy to spinor
fields. Each gauge component admits a permeability tensor which
produces a massive dispersion relation without breaking the gauge
invariance. In Section 5, we explain how permeability tensors gen-
erate effective mass in the propagators of massless gauge and Dirac
fields. In Section 6, we study Dirac neutrinos in moving inertial
frames coupled to an anisotropic permeability tensor and discuss
Michelson-Morley neutrino experiments. In Section 7, we present
our conclusions.

2. Neutrino mixing in a dispersive spacetime

We start with the dispersion relations [10]
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kij) (@) = 1) (w)\/m , (2.1)

derived by squaring the Dirac equation, where j labels three
mass eigenstates v;, each characterized by permeabilities &(j)(w),
M(j(®), and a neutrino mass mgj); the k¢j(w) are the respec-
tive wave numbers. Each eigenstate i; satisfies a Dirac equation
with mass m(j, and a permeability tensor géj.l)’(w) defined by dis-
persive permeabilities &(j)(w) and ;) (w). We use the shortcuts
kijy = kgy(@)), &) = e¢(@)) and [y = i) (@), where w; is
the frequency of the eigenstate plane wave ; with wave 4-vector
kL = (—wj, k(j)Ko). The flavor transition amplitude reads [1]

3
— p.yl
A — ) =) U;D;U}, (2.2)
j=1
where [,I' =e, u, T are the flavor indices of Dirac neutrinos and j
is the eigenstate index. Uj; is a unitary matrix parametrized with

Eulerian mixing angles and a CP violating phase. The D; denote
phase factors of the plane waves 1},

Dj=exp(ik;)L — w;T)),

L =Ko(Xabs —Xem), T =taps — tem, (2.3)

where the subscripts refer to emission and absorption. The neu-
trino wave vector is K¢y = k(j)ko, L is the path length between
source and detector, and T the time of flight.

The transition probability |A(v; — vy)|> depends on the phase
factors D,-Djf = exp(—idyjj), defined by the phase difference

8¢ij =0T — 8ki5L, dwijj = wj — wj,

Skij = k(i) (wi) — k(]’) (a)]) (2.4)
The increments
2 2 2
Amj; = miy — mg),
Agij(w) = &gy (w) — &¢j) (W),
Apij(w) = gy (@) — ) (W), (2.5)

as well as Sw;j in (2.4) are treated as small variations, and we
expand 6k;; in linear order,
ok; ok;
$

ok;
Skl‘j"‘w CUU+ AM,}((I)})"‘

ok
on; Agu(a’]) +

J 2
am ZAm]
m;

(2.6)

The k(j)(wj) are the eigenstate wave numbers (2.1), whose fre-
quency derivative is the reciprocal group velocity, ok /dw; =
1/vg(jy [11]. We thus find

ki)
8kij ~ dwij + —=Apuij(wj)
Vgr(j) ()
2 2
oF I
+ “U>8<”l L Asij(w;) — k(“)) Am?. (2.7)

In the phase difference 8¢;; in (2.4), we put T = L/Ug(j) and sub-
stitute §k;j,
Spii 1 M( i) ki ,u,%.)g(j)a)z.
1
L' p J ij _ U AI,L,](C()]) N Nt & Aé‘ij(a)j).
L 2k 20 ki)
(2.8)

If the time of flight T is defined by vg; instead of vgyj), this
does not affect §¢;j in linear order, as these two velocities only
differ by delta increments. For the same reason, we can drop the

index j from w. Similarly, if we replace the eigenstate index j by
i in the three ratios on the right-hand side of (2.8), this does not
affect the indicated linear order.

We split the eigenstate permeabilities and mass-squares in (2.1)
as

2 2 2
mij) =m" +omy;),
£(j)(w) = e(w) + 8¢(j) (),
K(j (@) = p(w) + (), (2.9)

where the increments Sm(zj), 8¢&(j)(w) and §pu(j)(w) are small devi-

ations from base values m? (which can be zero) and &(w), u(w)
(both close to 1, see after (3.3)). In the ratios of Eq. (2.8), we
replace the permeabilities and the mass-squares in the wave num-
bers by their base values, since the expansion is linear in the delta
increments. We thus arrive at the interference phase

W2ew?

8¢ (@) ~ (”‘ Am?, IAM,-j(w)— Ae,-j(a))>L, (2.10)

where the wave number k = p(w)v/£2(w)w? —m? is independent
of the eigenstate index.

3. Mass eigenstates generated by permeability tensors

If the mass eigenstates admit the same permeabilities, &) (w) =
e(w), K@) = pu(w), cf. (2.9), we can put Apij = Agjj =0 in the

interference phase (2.10). Neglecting the mass-square m? in the
wave number k, cf. (2.9) and after (2.10), we find

1 p(w)
Seij(w) ~ = Am*L (3.1)

m%L.
2e(@ow Y

Alternatively, we may assume that the mass eigenstates v; admit
the same mass-square m%j) =m2, so that Amizj =0. In this case, the
interference phase (2.10) stems from the permeability increments

(2.5). We put m? =0 in (2.9), so that k = p(w)e(w)w and

8¢ij(@) ~ —(e(@) Apij + (@) Agij)wl, (3.2)

where Apjj(w) = 8y (w) — §pu¢j)(w) and analogously Agij(w).
The interference phase (3.1) is recovered from (3.2) by specifying
the increments 8&(j)(w) and §uu(j)(w) of the eigenstate permeabil-
ities (2.9) as

2
alw)y 1 M

se(j)(w) = 2 @) 0

a(@) — 1 () Mg
2 2(w) w?’

Here, a(w) is an arbitrary real function that drops out in the
phase difference (3.2); we may conveniently choose a =0, 1, or
a= /(e 4+ u)~1/2. Thus we have shown that the interference
phase (3.1) is reproduced by the eigenstate permeabilities &(j)(w)
and p(j)(w) defined in (2.9) and (3.3), without inserting mass
terms m¢j)v; in the Dirac equations of the eigenstate plane waves.
The refractive indices of the eigenstates ; read, in leading order
in m¢; /?, cf. (2.9) and (3.3),

811y (@) = (33)

1
= () (@)egj) (W) ~ (@) u(w) — 5 Z((Z)))) w(f ,

and the wave numbers k(j)(®) = ny(j)(w)w admit massive disper-
sion relations k(j)(w) ~ u?(e2w? m%j)) with an effective neutrino
mass mj, generated by the permeability increments (3.3).

ny(jy (@) (3.4)
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A bound on the neutrino refractive index n; ~ 1/vg ~ k(w)/
o~ p(w)e(w) [11] at @ ~ 17 GeV is |1 —n;| <3 x 1078, based
on recent measurements of the neutrino speed by the OPERA,
BOREXINO, LVD and ICARUS Collaborations [6-9]. We use the n;(w)
estimate also for the factors p(w) and &(w). The neutrino flux
from supernova SN1987A gives the bound |vg — 1] < 2 x 1079
10 MeV [22], so that we put pu(w) =~ ¢(w) ~ 1 in the low MeV
region. An upper bound on the eigenstate masses mj, from tri-
tium B decay is 2 eV [23], assuming vacuum permeabilities in
the eV range. The neutrino frequency w is in the low MeV region
(for reactor and solar v’s) or low GeV region (accelerator, atmo-
spheric 1’s). The path length L is of order 10> km and 10* km
for accelerator and atmospheric v’s. The differences Aml.zj of the

eigenstate mass-squares are of order 10~% eV? or 1073 eV?2 [1,5].
To generate flavor oscillations, a phase difference [§¢;j| > 1 is re-
quired for substantial interference in the squared amplitudes (2.2).
As for the neutrino speed determined by the refractive index nyj
in (3.4), we can ignore terms depending on the tiny (compared to
0(10~%)) ratios m%j)/a)z, at least at length scales relevant for ter-
restrial experiments and solar v’s. Accordingly, n; ~ u(w)e(w) is
independent of the eigenstate index, so that all neutrino flavors
admit the same group velocity vgr = 1/(wn (w))’ ~ 1/n;.

4. Gauge and Proca fields in the aether: Massive dispersion
relations preserving gauge invariance

The Lagrangian of a Proca field with negative mass-square reads

1 1
L= —ZFaﬂga’S“vFW + EmfAMgZUAU

1
_ E(gg”AM,V)HA,LgJ’”jU, (41)
where 5*tpf — g@P1t and "’ — g}/" are perme-
ability tensors replacing the Minkowski metric n*¥ = diag(—1, 1,
1,1) in the vacuum Lagrangian [24,25]. The signs in (4.1) are cho-
sen in a way that mf > 0 is the negative mass-square of the tachy-
onic Proca field Ay, and Fj, = Ay, — Ay, is the field tensor.
A gauge-fixing term o 1/£ is included as Lagrange multiplier. Mas-
sive Proca fields are obtained by replacing mf — —m?. The 3D field
strengths are E; = Fip, B¥ = 8"ijFij/2, and inversely Fj; = sijkB".
Thus, E; = Ao — Ai0, B¥ = ek A;;, where & is the totally anti-
symmetric tensor. The field is coupled to a current j, = (—p,J).
The permeability tensors g‘}’ﬂ " (w) and gl ”](w) are real and fre-
apuv

v nv
s = gl

quency dependent. The g/ A, ] are symmetric, and g is antisym-
metric in the first as well as second index pair, and symmetric
regarding the interchange o8 <> v of the index pairs. We define
the inductive potential, field tensor and current as

Cl=gh'Ay,  HYP =gl F,.  jh=gjy.  (42)
and write jg = (pg,je), so that joo = —pg. Greek indices are
raised and lowered with the Minkowski metric. The Lagrangian
(4.1) can thus be written as

1
L=—ZFaﬁH“’3+ —miA,CH ——(c“) + Al (4.3)

2 2&

The 3D inductions are D' = HY% H; = £;;,n H™/2, and inversely
H™ = H;e/™, so that FugH*f = 2(BH-ED). The constitutive
equations relating the 3D inductions to the field strengths read

D'=¢YE;+«iB*,  Hi=pwijB —«/Ej, (4.4)
where the permeabilities & (w) and Wij(w) are real symmetric
3-tensors, and K,i(a)) is a mixed tensor. We need not assume differ-

ent tensors K,i in the two relations (4.4), as the Lagrangian would

only depend on their sum via FaﬂH"‘ﬂ. The permeability tensor

g%P*V in (41) is defined by these 3-tensors,

0i0j 1 4 oiab _ 1 i _kab
g =—z&7, g =K.,
F 2 F 2 k
1 . .
abcd abi ked mnk0 k nimn
8 = 58 Hik€™ ", 8F =—cK;&€. (4.5)

All other components of gaﬂw

metries or vanish. Inversely,

follow from the mentioned sym-

0i0j

1
—28; 7, Wik = §8iabg%bm"

Emnk,

Oimn

K =gr " Emnj. (4.6)

In the isotropic aether frame, we can put Kij =0, cf. after (4.11),
but in moving frames the tensor Kl-] does not vanish, cf. after (5.4).

Euler variation of Lagrangian (4.3) gives the field equations and
gauge condition

HYY —micH — EgA O (4.7)

SgA e FMEC =—J . (4.8)

For instance, the Lorentz condition C% =0 follows from current
conservation j’é’ u=0 if the mass-square does not vanish and the
gauge-fixing term in the Lagrangian is dropped, & = oco. Egs. (4.7)
are equivalent to

. 1 )
D'; +mCo— gg%“Cf‘K,u = —jgo,
Siann,k _ DZO m? 2¢i _ ng KK = ]Q’ (4.9)
where joo = —po, and the constitutive relations (4.4) apply. In
the massless case mt 0, the gauge-invariant Maxwell equations
in a permeable spacetime are recovered by imposing the Lorentz
condition C¥. =0 on the vector potential, also see (4.11).

We consider isotropic permeability tensors, cf. (4.2), (4.4) and
(4.5),

es®,  pik=1/wbk.  « =k,
ggo = —&o, gX = 8ij/,U,0, g’fqo =0,
g =—2, g"=s"/2, =0, (410)

with permeabilities (g, i), (€0, o) and (2o, £2) depending on the
frequency w of the wave modes in the aether frame [11]. The
tensor go”3 couples the current to the wave modes, cf. (4.1) and
(4.2), and amounts to a varying coupling constant if £2¢9(w) co-
incides with 1/2(w) [20]. We note H* = akijAj,i/;L and Dy =
&(Ao,k — Ak,0), cf. after (4.1) and (4.4). The isotropic field equations
for the vector potential read, cf. (4.9),

A Ao +m2E A + 1o __1
0,k,k k.k,0 t 0 £ e KO_ 8]90,
2 M 1
Aijek — Akii + € (Ao — Aio0) +mi—Aj + ——C*
Ho § o
=—pigi, (4.11)
where Cf‘K = —&0A0,0 + Akx/Mo. The isotropic tensor K,.j = K(Sl-j in

the constitutive relations (4.4) drops out in the field equations,
since the xEB term in the Lagrangian (see after (4.3)) is a diver-
gence, 2ExB¥ = (S“ﬂ““ABAM v).«- In [19,20], we studied the field
Egs. (4.11) in the limit & = oo. In the following, we consider the
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opposite limit, mt 0 with finite &. That is, we drop the mass term
in Lagrangian (4.1) and generate a positive or negative mass-square
in the dispersion relation by way of the permeability tensors (4.10).

The isotropic field equations (4.11) (with mf =0, jg =0) admit
the plane-wave solutions

w ~ .
Ao(X, t) = —k—Akoe‘("L(“’)kU"’“’” +c.c.,
L

AKX, t) = Alei(kT(w)kgx—wt)

+ (Akg)kgelkt@kox—wt) 4 ¢ ¢ (412)

where we have split the field into a transversal and longitudi-
nal component A=A 1+ (Al(o)l(o,A 1 ko =0, with wave number
ki =euw? and k? = gopow?, respectively. The gauge-fixing con-
stant & does not explicitly show in (4.12). If the gauge-fixing term
is dropped by putting & = oo, the general plane-wave solution of
frequency w is still (4.12), but with ki (w) unspecified. A finite
& gives a well-defined wave number to the longitudinal compo-
nent oc AKg, which is a gauge transformation, A, = Af; + Au,

& = Akgel®ktkox=0 /(ik ) 4 c.c.

The permeability tensor g/;" defines the gauge-fixing term in
Lagrangian (4.3) (mf =0). We identify g = ¢ and uo = u, so that
g’;‘w in (4.10) reads g%o =—¢, gX =4sl/u, glj\o = 0. The transver-
sal and longitudinal components of the vector potential (4.12) thus
admit the same wave number, k? = ki | =euw?, where &(w) and

[u(w) are the permeabilities defining gt “v, cf. (4.5) and (4.10).
A massive dispersion relation k* = w?> — m? is induced by per-
meabilities satisfying s = 1 — m?/w?, without a mass term in
the Lagrangian, and longitudinal field components remain gauge
transformations. If we impose the Lorentz condition C% =0, the
gauge-fixing term drops out in the field equations (4.11) (with
m? = 0), and they become gauge invariant despite of the mas-
sive dispersion relation induced by the permeabilities. [A negative
mass-square in the dispersion relation requires permeabilities re-
lated by e =1+ m?/a)z. A tachyonic dispersion relation preserv-
ing the hermiticity of the Dirac Hamiltonian is obtained by replac-
ing m%j) — —mf(j) in (5.14).] As for electromagnetic fields, we use
vacuum permeabilities, ¢g =& =1 and po = u = 1, defining the
constant speed in the Lorentz boosts, so that the electromagnetic
Michelson-Morley isotropy is preserved in moving frames.

5. Effective mass-squares in propagators of dispersive gauge and
Dirac fields

The foregoing admits generalization to non-Abelian gauge fields
A‘;‘L, each component being coupled to the aether by permeabilities
g (w) and ) (w), a =1,...,N. We consider the Lagrangian,

cf. (4.3),
1 o KA 1 moy2
L=—F5Hg 2§(Ca W)+ A% G (5.1)

with field tensor Fjj, = A%, — A%, — gfgyAﬂAif, inductions
K)Lp,v

H“ € Friv: Céf = gA(a)A“ and inductive current ji, =

gt ](a) j%. We write the gauge index « of the permeability tensors

g’;(AO’SV, gA(a) and g’]‘(fx) in parentheses, to indicate that it is not a

summation index unless in a product where o appears twice with-
out parentheses. When calculating the propagator, it suffices to use
the quadratic component of the Lagrangian and to put the cou-
pling constant g in the field tensor to zero, so that the linearized
field equations are independent of the structure constants fgy,

Hfﬂ, - Cyx. UgA(a)/s = ]Qa, cf. (4.7). The tensors gA(a) and g](a)
are isotropic in the aether frame, cf. (4.8), (4.10) and after (4.12):

gg?a) = —&@) (W), g%(a) = SU/M(a)(w)v g?\l(a) =0,
20 = =200 (@), gl =8"/2w @),  &J, =0.
(5.2)
The isotropic permeability tensor g';?(ff)” reads, cf. (4.5) and (4.10),
1 ) 1 ,
0i0
g = —58@8”, gh = Fe@e™
Kmn (Skmaln _ Sknslm 53
EF)= "5, . (5.3)
2 () (@)

with all other components following from symmetry properties,

cf. after (4.1). Without loss of generality, we can put k)(w) =0

cf. after (4.11), and reduce gF(a) to a symmetric tensor géf;) =
1/2 pv |

Ko Eaw:
KLy 1 KIL _Jv A A KL )
ke =58 ~Ewsw)  Ha =8w 8wk (54)

The refractive indices nyq) - mfa) Jw? give rise

=VE@HMH@) =
to massive dispersion relations k() = wng) with an effective
gauge mass m(y) for each gauge component A7 = (A%, AY), cf.

(412). The tensors gffx‘; transform contravariantly under Lorentz
boosts, géa g<a)A( DI ACDY of [11] and Section 6.
We substitute the plane waves A% = A%el(*~@0 4 cc. and

e = 75, € 0@ ¢ cc. into the linearized isotropic Lagrangian
(5.1),
11 1
L= 4 @) T%IFT?II + ig(a)anan
1 2 .
- E(A?fi/ﬂ(a) —e@AG0) + Al ioa: (5.5)
and perform a time average over a period to find
L=_AY Aﬁ*a(—UIJ«V Ao G Aa*ﬁll (5.6)
- uv Map u.].Qot 2 JQa> .
where C((;;W " denotes the Gaussian kernel
cEnoo g 2 @ 2
ap = —OaBE(a) £ ",
6(_1)’”0 =3 ,38( )(L — l)a)k
— Ya o ms
p Zf/fL(ot)
C( Dmn _ 8aﬁ |:(l( E(a) M ()@ )5 + ( ! ])k k i|
- o o mn - mhn |-
o K@) E @)
(5.7)
Euler variation of L with respect to A"‘* gives G( 1)“‘)A‘” ]gﬂ
The inverse kernel is the propagator G% ,w,
07 e (I — ) E@y@wD)?
60{[3 — 598 M) (1 =& ) wkm
mo (K2 — L) & @?)?
éaﬂ _ 30‘/3#(05) 5 (%',Lb(a) — Dkmkn (5.8)
TR —g w? K2 —¢ w?) ’
()M (@) () H(a)

At & = 0, this propagator satisfies the Lorentz condition
gﬁ(‘;)kﬂﬁff =0, where k, = (—»,k). A frequency-dependent
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gauge parameter is also admissible, which can even be differ-
ent for each gauge component «; for instance, we may substi-
tute £ — &) = 1/, Which diagonalizes the propagator. Ob-
servable gauge-invariant quantities such as the linear inductions
Hg = €A%, /it and DY = g (A}, — A7) obtained from the
solution AZ = Gﬁ'ﬁ j?zﬁ are independent of the gauge parameter &,
and the same holds true for the field strengths E = DY /&) and
Bf = I Hg:

~ ".O
EY — FYpl(kx—ot) +ec o — ia)l/»(a)g(a)J.Qan - k"J.Qot
v T (R~ U@Eww?)
N . i€k T og i
BN = Breitocen o pn - M@ KiJga) (5.9)

K2 — &a) (o) @?

A more compact representation of kernel (5.7) and propagator
(5.8) is
ek

(5.10)
Kk }
8akicks

(=Dpv KV kA 1
Gaﬁ = (Saﬁ [g(a)gfa)k,(k,\ + (% —

rap 5P 1)
6ob = ——— gD+ Ene — D (5.11)

g(a)k kj.
where g(;) , denotes the inverse of the diagonal matrix géfxv) =

/Lzo/jgﬁ(va), cf. (5.2) and (5.4). We can replace gﬁ(‘;) — gf;v) in the

gauge- ﬁxmg term of Lagrangian (5.1), so that the inductive field is
ck = g(a)A“ This amounts to a conformal rescaling & — &/ (a)
of the gauge parameter in propagator (5.11), which becomes man-
ifestly covariant in this gauge, g(a)Cg PR s éj’ému =0, cf. (4.8)
and after (5.8).

We specify the permeabilities as &)@ ~ 1 — (m%a) -
i8(«))/w?, with positive infinitesimal constants é(a) — 0 regular-
izing the denominators of G/w in (5.8) as k? — w? + m(a) i€(q)-
The wave numbers thus admit an infinitesimal imaginary part

and a massive dispersion relation k) ~ ,/w? —m%a) +i/(28(a)),

where §(g) ~ ,/w? — m%a)/é(a) is the diverging attenuation length
of the field component « in the infinitesimally dissipative aether
[20]. To find the lifetime associated with this attenuation length,
we put w = E — il()(E)/2, and determine the decay rate I{y)
by solving Imk)(w) = 0, obtaining I'y) ~ &)/E in linear or-
der in the infinitesimal &). In this way, one can switch between
complex space and time components of the plane-wave phase,

using either k(kox — wt or /EZ — m(za)kox — (E —i&@)/RE)t
(where we may again write w for E). Thus the squared wave func-
tion scales with exp(—KoX/8«)) or exp(—&w)t/w). The lifetime
1/I@) ~ w/&«) of a mode in the aether is related to its attenu-

ation length by 8y ~ Ugr()/I (), Where Ugrq) = ,/w? —m%w) Jw
is the group velocity. At &) = 0, the permeabilities are real and
symmetric on the real axis, satisfying efa)(w) = &) (—w*) and
pc’(‘a)(a)) = (a)(—w™¥) in the complex plane. The antipropagator

fj{f,* is found by (SA"‘ variation of L in (5.6).

To obtain the D1rac propagator, we start with the Lagrangian of
a spinor multiplet v,

11 1 _
L=\ 5Vivusg Viv — 5Vin8y vitmovivi). (512)

where gﬁj —10 Yo is the adjoint spinor, and g(j) (w) the per-
meability tensor with components g(]) = —&(j) gu) = 8"/,

g?]’?) =0, see after (2.1). The Dirac equation reads géj-l)jj/ﬂl//j_v +

m¢j)¥j =0, where j is a multi-index labeling flavor, color, etc. We
write j in parentheses if it is not meant as a summation index,

cf. after (5.1). On substituting plane waves y; = el e
find L = —ivs; G( v wj, with kernel GEJ. V= 8”(1g(].) kuyy+mg). To
invert G}j , We note y, ¥y = Ny + ouy, Where oy, is antisym-
. P 7AY . B
metric, so that the product of igi; k. yv £myj) is (h‘(xj)kak,g +

apn _pv
)) with the squared permeability tensor h(]) j) &(j) v

[10] Hence,
Y

5ij 1g(j) kllny —mgj)
h*

Gl — _
kakg + m
5<;>M<1)V0 + Yokn/ow +ipyme) /o
2 _ o2 2 2 2 2
k* — &5 1@ + 1M,

)

=iV p o , (5.13)

where we used the isotropic permeability tensor gZ;’ stated after
(5.12). We note that kn/w =koe(j i) (1 + O(m?;) /w?)), cf. (2.1).
We drop all mass terms in (5.12) and (5.13), that is we use the

massless Dirac equation, cf. after (5.12), and specify the refractive
indices ny(jy = &(j ;) of the multiplet v; as, cf. (3.4),

2 .~

me.. —1&¢;

) (@)
nr(j) = G M) = E@) (W) |1 — ————.
() = () = E@) (@), (@)

We also put p(j) = (w) and assume &(w) and w(w) to be close
to one, infinitesimal &), as well as mj)/@w < 1, so that the per-
meability tensor gfj;’ (stated after (5.12)) is close to the Minkowski

(5.14)

metric Y. We thus find the propagator @g of the massless Dirac
equation as, cf. (5.13),

lg(]) k/vbyv
h(])kak/g

i (yonyjy + Ynkn/®)
kZ — u?(g2w? — m%j) + ig‘(]’))-

~ij
Gl =—

—5Y (5.15)
In the nominator of (5.15), we can put &j, =0 in nyjy. The ;) are
positive infinitesimal constants defining the Green function (here
the propagator), i.e. the integration path around its pole; the com-
plex wave numbers k(j) = wn,; result in infinitesimally damped
wave fields, cf. before (5.12).

In propagator GY of the massive Dirac equation, cf. (5.13), we
put &y = é(w), u(j) = w(w), and use the integration path pre-
scription i€(j as in (5.15). Since the neutrino mass is much smaller
than the neutrino energy, cf. the end of Section 3, we can drop the
ifL(jymyj) /e term in (5.13) and expand ny(j) = e (1 +0(my; /w?))
in (5.14), so that the propagators (5.13) and (5.15) coincide in lead-
ing order in an m(j/w expansion. The mass-square determining
the pole singularity of G is recovered in propagator Cg without
invoking a mass term in the Dirac Lagrangian (5.12).

6. Dirac equation and permeability tensor in moving inertial
frames: Michelson-Morley experiments with neutrino beams

We consider an inertial frame uniformly moving in the aether
with velocity v; = v;vr 0. Unit vectors are denoted by a zero
subscript. The spacetime coordinates in the rest frame of the
aether (aether frame) are denoted by x* = (t,x) and in the iner-
tial frame by y* = (t,y). The proper orthochronous Lorentz boost

x* = Al yY relating the frames is
Ah= VVE - “’Lo!

A=v. A=y — 10k,

) . s
A =8+ —Doigvky, = (1-v)2 (6.1)
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The inverse transformation y* = A,(,q)“x” is found by chang-
ing the sign of the relative velocity v . Contravariant quanti-
ties transform from the aether frame to a moving inertial frame

like gi” . = gaetherA( U“Afg DY covariant ones like g, =

g5 ﬁAO‘ Aff , and mixed quantities according to this pattern. In-
dices are raised and lowered with the invariant Minkowski metric
Ny = diag(—=1,1,1,1). Energy and momentum variables are de-
noted by k, = (—w,K) in the aether frame and by p, = (-E,p)
in the inertial frame, and p;, =kq A

In the aether frame, the Dirac equation (1.1) reads

( ugae (a))_ +m>1pae((1) X) = (6.2)

coupled to the isotropic permeability tensor ght (w) in (1.2). We
consider plane waves Ve (w; X) = waee‘kﬂ" , where v, is a con-
stant 4-spinor. The wave vector k;, = (—w, K), k= k(w)ko, satisfies
the dispersion relation (2.1), k* = u?(e2w? — m?).

In the moving inertial frame related by the Lorentz boost
(6.1) to the aether frame, the permeability tensor is anisotropic,
gl ()= g AS U“A;; DV The tensors gl (w) are indepen-
dent of space and time coordinates; they only depend on the
frequency w of the wave modes in the aether frame, which is
the universal frame of reference. We denote the boosts (6.1) by
x=A(y) and y = A~1(x). To find the Dirac equation in the iner-
tial frame, we write Eq. (6.2) as

o d
(VMAZginﬂ(a))m + m) Vae (w; A(y)) =0, (6.3)

and consider a spinor field i, (w; y) in the inertial frame, related
to a plane-wave solution v, (w; x) of Eq. (6.2) by a similarity S 4,

50 that Yin(@; ¥) = Savae(@; A(Y)) and Yae(@; X) = S, i (@ ¥).
We may thus write Eq. (6.3) as
(S/\ V/LS Aa gaﬁ (w)— + m) Yin(w; y) = (6.4)

By choosing the matrix S, as a solution of S 4 yMSZ] = yaAi[l)a,

1 .
sA:—(,/ 2 _1+1—y)yoyiv! ) (6.5)
ﬁm yl' yl y yl r,0
where y; denotes the Lorentz factor, cf. (6.1), we find the Dirac
equation in the inertial frame,

(yag"ﬂ (w)— + m) Vin(@; y) = (6.6)

The inverse similarity SZ is obtained by changing the sign of
the velocity unit vector in (6.5), so that Szl = S 4-1. The Dirac
matrices in (6.5) satisfy y, v + Yv¥u = 200, Where yp is anti-
Hermitian and the y;, and S, are Hermitian, and ypS4 = Szlyo
A plane-wave solution ¥ae(w; x) = waee"‘ﬂ)‘” of (6. 2) in the aether
frame is transformed into vin(w;y) = PinelP#¥* solving (6.6),
where iy = S ¥ae. The dispersion relations in the aether frame
and the inertial frame can be written as hbe k. ky +m? =0 and

hi pPupPv + m? = 0, respectively, where hf;e in(@) = gae mnaﬂgae in’
cf. (5.13). The Dirac equation in (6.2) and (6.6) has a manifestly
covariant appearance as well, but is not covariant at all, since the
anisotropic permeability tensor gi‘;v(a)) of the inertial frame de-
pends on the energy w of the wave field in the aether frame,
which is the universal frame of reference; gi’fl') is obtained by ap-
plying a Lorentz boost to the isotropic reference tensor gha of the
aether frame.

As for Michelson-Morley experiments, we consider neutrinos
propagating with constant (group) velocity Ugr = UgUgro in the

aether frame where the permeability tensor is isotropic. An inertial
laboratory frame moves with constant relative speed v; = v;Vr
in the aether. The frames are related by the Lorentz boost (6.1).
In the context of neutrino velocity experiments [6-9], the iner-
tial frame is the neutrino baseline frame (rest frame of neutrino
source and detector), slowly moving with a relative velocity of
order vy = 0(1073) in the aether, cf. the discussion after (6.10).
In the moving inertial frame, the neutrino velocity is denoted by
Vip = UjpVin o and related to the group velocity in the aether frame
by the relativistic addition law (linearized in the relative speed vy),

Ur
Uin ~ Ugr( 14 (vg, — 1) — cos by |.
Ugr
Ur . o
COS 6ip ~ COSfgr — — sin” bgy, (6.7)
Ugr

and inversely,

Ugr ~ Uin (l — (VA - 1)i cosem>,
Uin

Ur .o
€C0s gy ~ €OS O + — sin” Oy, (6.8)

Uin
where c0sfg = VgroUr,0 and cos by, = Vip oVr,0, Which applies in
slowly moving inertial frames, vy <« 1. The velocities vg and v,
are either both sub- or superluminal, which can be seen from the
exact velocity addition law [10]. The transformation (6.7) and its
inverse (6.8) are complemented by the Doppler shift connecting
the neutrino energy E measured in the inertial frame to the energy
w of the wave mode in the aether frame according to p,, =kq A
cf. after (6.1). The Doppler shift (linearized in v;) and its inverse
read

E ~ (1 = np(w)vr cosby),
w ~ E(1+ n:(E)u; cosbiy), (6.9)

where n:(w) is the refractive index

k@) _ | 1
o P e2w?’ Ugr

defined by the dispersion relation in the aether frame, cf. after
(6.2). ny(E) in (6.9) means n;(w) taken at w = E. (Terms quadratic
in vy are neglected in (6.9).) The Doppler shift from the aether
frame to a moving inertial frame depends not only on the relative
velocity but also on the refractive index, which is a function of
the neutrino frequency w in the aether frame. Due to the disper-
sive permeabilities, the neutrino group velocity vg(w) is energy
dependent even for massless neutrinos.

The group velocity vg; in the aether frame is obtained via trans-
formation (6.8), once we have measured the neutrino velocity v,
in the inertial laboratory frame and the angle cos6;, between in-
ertial velocity and relative speed. Assuming adiabatic frequency
variation of the refractive index, wnj(w)/n; <« 1, we can iden-
tify np ~ 1/vg, cf. (6.10). The neutrino frequency w in the aether
frame is then found by measuring the neutrino energy E in the
inertial frame, w/E ~ 1+ (ur/vg) COs 6y, cf. (6.9). Adiabatic varia-
tion of n;(w) requires adiabatic permeabilities, we’(w)/e <« 1 and
o' ()/n < 1, as well as a small neutrino mass, m/w < 1, cf.
(6.10).

The neutrino velocity vj, in the laboratory frame depends on
the angle cos6j, between the neutrino velocity and the relative
velocity of the inertial frame in the aether, cf. (6.7). The minimal
(maximal) neutrino velocity vj, is attained at 6, =0 or 6, = 7,
when the velocity vectors are aligned or opposite, depending on
whether the refractive index n; ~ 1/uvg is larger or smaller than
one (sub- or superluminal group velocity in the aether frame).

ne () = (one(@))’, (610
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The maximal variation of the inertial neutrino speed in the base-
line frame is thus suy, ~ 2ur(1/n? — 1), cf. (6.7). If the neutrino
beam can arbitrarily be rotated and the neutrino velocity vy, is
measured as a function of the angles parametrizing the rotation,
one can in this way determine the relative speed v, of the inertial
frame (here the local baseline rest frame of source and detec-
tor) in the aether, as attempted in the optical Michelson-Morley
experiment. At 6, = 7 /2, when the velocities v; and vj, are or-
thogonal, the measured inertial neutrino speed vj, coincides with
the neutrino group velocity vg ~ 1/n; in the aether frame (that
is, the linear order in the relative speed v; vanishes, cf. (6.8)). The
OPERA Collaboration derived the bound v, —1 = (2.74+6.5) x 1076
on the neutrino velocity [6]. To illustrate the angular dependence
of this velocity, we use vi; — 1 ~ 2.7 x 10°% and the relative
speed vy ~ 1.2 x 1073 of the Solar system barycenter in the cos-
mic microwave background. (Earth’s relative velocities in the So-
lar system are by at least one order smaller.) We note vg — 1 =
(Uin — (1 +0(vy)), cf. (6.8), and find a maximal angular variation
of §uip ~ 4ur(vip — 1) ~ 1.3 x 108 for the neutrino velocity in the
inertial frame, which is still by three orders smaller than the ac-
curacy of current vy, measurements [7-9,26]. The isotropic aether
frame is identified as the rest frame of the microwave background
defined by vanishing temperature dipole anisotropy [12,13].

7. Conclusion

We demonstrated that effective mass-squares can be gener-
ated by permeability tensors in spinor as well as gauge fields,
for fermions and bosons alike, familiar from the electrodynam-
ics of dispersive dielectric media. This analogy is evident in each
step, from the Lagrangians to the propagators, cf. Sections 4 and 5.
Massless gauge fields coupled to the aether by dispersive perme-
ability tensors admit massive dispersion relations preserving the
gauge invariance. Mass generation by a permeability tensor is par-
ticularly attractive in the case of neutrino mixing, when small
masses in the sub-eV range are needed [27,28], since such masses
are generated by permeability tensors close to the Minkowski
metric, cf. Sections 2 and 5. Interference factors in the flavor
transition probabilities are due to phase differences of the mass-
eigenstate plane waves, which result in oscillations if the neutrino
path length is sufficiently large. All neutrino flavors propagate at

the same group velocity, vgr ~ 1/(¢u), as the refractive indices
of high-energy mass eigenstates only differ by negligible terms of
order m%j)/a)z, cf. Section 3. Sub- and superluminal neutrino veloc-
ities close to the speed of light can be described on equal footing
by permeability tensors; the permeabilities defining the dispersion
relations are slightly larger than one in the case of subluminal neu-
trino speeds and smaller than one for superluminal neutrinos. The
neutrino velocity measured in the baseline frame (rest frame of
neutrino source and detector) depends on the angle between the
neutrino beam (baseline) and its relative velocity in the aether.
This angular dependence can be used to locally determine the
velocity of source and detector in the aether, cf. Section 6, with-
out invoking the temperature anisotropy of the cosmic microwave
background in the neutrino baseline frame.
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