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Abstract – Tachyonic Cherenkov fits are performed to the Fermi-LAT γ-ray spectra of the Vela
pulsar, PSR J1709 − 4429 and Geminga. The high-energy spectral tails of these pulsars exhibit
pronounced subexponential Weibull decay, which can be modeled in a permeable spacetime by
a frequency-dependent tachyon mass. The scaling exponent of the tachyon mass defines the
Weibull shape parameter of the energy flux, and it also determines whether the radiation is sub-
or superluminal. The negative mass-square in the tachyonic Maxwell-Proca equations gives rise to
a longitudinal flux component. The radiation is generated by an ultra-relativistic thermal electron
plasma via the inertial Cherenkov effect. The transversal and longitudinal γ-ray emission from
Geminga is slightly superluminal, whereas γ-rays from the Vela pulsar and PSR J1709− 4429 are
subluminal despite the negative tachyonic mass-square in the dispersion relations.

Copyright c© EPLA, 2014

Introduction. – In the 2nd Fermi-LAT pulsar cata-
log [1], the energy flux of several pulsars shows weaker-
than-exponential decay in the low GeV band, for instance,
the Vela pulsar (PSR J0835− 4510) [2] and PSR J1709−
4429 [3], as well as the Crab pulsar (PSR J0534+2200) [4],
PSR J1836 + 5925 [5], Geminga (PSR J0633 + 1746) [6],
and PSR J2021 + 4026 [7]. The subexponential decay
of the γ-ray spectral tails can be explained by tachyonic
Cherenkov emission from a thermal electron plasma.

First, we briefly outline the radiation mechanism, the
coupling of tachyonic radiation fields to a dispersive
permeability tensor, the Maxwell-Proca equations with
negative mass-square, the Lagrangian and the dispersion
relations, all in space-frequency representation suitable for
frequency-dependent permeabilities, cf. (1)–(7). We dis-
cuss the tachyonic Cherenkov densities generated by a uni-
formly moving subluminal charge in a dispersive spacetime
and explain the frequency scaling of the tachyon mass
and the tachyonic fine-structure constant, cf. (8)–(13).
We average the spectral densities with relativistic elec-
tron distributions and derive the transversal and longitudi-
nal polarization components of the tachyonic energy flux,
cf. (14)–(25). We study the high- and intermediate-energy
regimes, in particular the Weibull decay ∝ exp(−β∞E1−ρ)
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of the spectral tail, where ρ is the scaling exponent of
the tachyon mass, mt(E) = mt0E

ρ, and β∞ is a de-
cay constant related to the electron temperature and the
tachyonic mass amplitude mt0, cf. (26)–(30). We per-
form spectral fits to the Fermi-LAT spectra of the Vela
pulsar, PSR J1709 − 4429 and Geminga, extracting the
scaling exponents of the tachyon mass and the tachyonic
fine-structure constant, cf. figs. 1–3, and explain how sub-
and superluminal group velocities in the γ-ray band are
related to the Weibull shape parameter, cf. (31).

Maxwell-Proca fields with negative mass-square.
– We summarize the basic equations to keep the pa-
per self-contained; details can be found in [8,9]. The
Fourier time-transform of the tachyonic vector potential
Aμ = (A0,A) is defined by Âμ(x, ω) =

∫ ∞
−∞ Aμ(x, t)eiωtdt,

and the same convention applies for field strengths, induc-
tions and currents. The homogeneous Maxwell equations
read rotÊ − iωB̂ = 0, divB̂ = 0. The field strengths
Ê(x, ω) and B̂(x, ω) are related to the vector potential
by Ê = iωÂ + ∇Â0 , B̂ = rotÂ. The constitutive rela-
tions defining the inductions D̂ and Ĥ and the inductive
potential Ĉμ = (Ĉ0, Ĉ) are

D̂(x, ω) = ε(ω)Ê(x, ω), B̂(x, ω) = μ(ω)Ĥ(x, ω),
Â(x, ω) = μ0(ω)Ĉ(x, ω), Ĉ0(x, ω) = ε0(ω)Â0(x, ω). (1)
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Fig. 1: (Colour on-line) Tachyonic γ-ray spectrum of the Vela pulsar. Data points from Fermi-LAT (Large Area Telescope, 2nd
Pulsar Catalog) [1]. The solid curve T + L depicts the unpolarized tachyonic energy flux EFT+L

E = E2dNT+L/dE, cf. (22)
and (25), obtained by adding the transversal flux component EFT

E (dotted curve, labeled T) and the longitudinal component
EFL

E (dashed curve, L). The polarization components EFT,L
E are compiled in (20)–(22). The dot-dashed and double-dot–dashed

curves depict the asymptotic limits of EFT+L
E ; the power-law ascent (28) is followed by a cross-over into subexponential Weibull

decay, cf. (26) and table 1. (7 dof, χ2 ≈ 21.)

The permeabilities ε, μ, μ0 and ε0 are positive and
dimensionless. As the inductions are real, the permeabili-
ties satisfy ε(ω) = ε(−ω), etc. In vacuum, ε = ε0 = 1 and
μ = μ0 = 1 (Heaviside-Lorentz system). The inhomoge-
neous field equations coupled to a current ĵμ

Ω = (ρ̂Ω, ĵΩ),
cf. after (5), read

rotĤ+iωD̂ = ĵΩ+m2
t (ω)Ĉ, divD̂ = ρ̂Ω−m2

t (ω)Ĉ0. (2)

We take the divergence of the first equation, substitute
the second and use current conservation iωρ̂Ω − div̂jΩ = 0
to obtain the Lorentz condition divĈ + iωĈ0 = 0, due
to the tachyonic mass-square m2

t (ω). (m2
t > 0 with the

sign convention in (2) and (3).) The energy flux vector is
Ŝ = Ê × Ĥ

∗
+ m2

t Â0Ĉ
∗

+ c.c. The field equations can be
derived from the Lagrangian

L̂ = −1
4
F̂μνgμα

F gνβ
F F̂ ∗

αβ +
1
2
m2

t Âμgμν
A Â∗

ν

+
1
2
(Âμgμν

J ĵ∗ν + Â∗
μgμν

J ĵν), (3)

where F̂μν(x, ω) is the Fourier transform of the field tensor
Fμν(x, t) = Aν,μ − Aμ,ν . The tachyonic radiation field is
modeled after electrodynamics, a Proca field with negative

mass-square, minimally coupled to an electron current in a
dispersive spacetime, the Minkowski metric being replaced
by permeability tensors gμν

F,A,J(ω). A space-frequency rep-
resentation is employed to avoid clumsy time convolutions
of the inductive fields. The first term in (3) containing gμν

F

is analogous to the electrodynamic Lagrangian in a dielec-
tric medium, in manifestly covariant notation. A second
permeability tensor gμν

A enters in the mass term, result-
ing in different dispersion relations and group velocities
for transversal and longitudinal modes, cf. (4) and (7).
The meaning of permeability tensor gμν

J in the interaction
term is explained after (5).

A distinct difference of tachyonic Cherenkov radiation
as compared to electromagnetic radiation, Cherenkov,
synchrotron or otherwise, is the potential sub- or super-
exponential decay of γ-ray spectral tails, once the spec-
tral densities are averaged over a thermal or non-thermal
electron distribution. In contrast, electromagnetic radia-
tion mechanisms lead to strictly linear exponential decay
of the averaged spectral densities. The subexponential
Weibull decay ∝ exp(−β∞E1−ρ) (see the introduction)
observed in the spectral tails of the mentioned pulsars is
pronounced, the power-law exponents ρ listed in table 1
substantially differ from zero. It would not be possible
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Fig. 2: (Colour on-line) Tachyonic energy flux of pulsar PSR
J1709 − 4429. Data points from Fermi-LAT [1]. Description
of the curves as in fig. 1; the fitting parameters are listed in
table 1. The transversal radiation is linearly polarized and
weaker than the longitudinal component. The spectral shape
and parameters are similar to the Vela spectrum in fig. 1, apart
from the lower flux amplitude partially due to the increased
distance d ≈ 2.3 kpc (d ≈ 0.29 kpc for the Vela pulsar). (7 dof,
χ2 ≈ 11.)

Fig. 3: (Colour on-line) Tachyonic spectral map of Geminga.
Data points from Fermi-LAT [1]. Description of the curves
as in fig. 1. The ascending slope is steeper than in figs. 1
and 2, since the fine-structure scaling exponent σ is close to
zero, cf. table 1. The mass scaling exponent ρ lies below 1/2,
which results in a rapid spectral cutoff, cf. (26), and renders
the radiation superluminal, cf. (31). The distance estimate is
0.25 kpc. (7 dof, χ2 ≈ 11.)

to fit the γ-ray spectra in figs. 1–3 with a logarithmic
correction to a linear exponential. The conceptually most
important difference to electromagnetic radiation is super-
luminality, which arises for ρ < 1/2 due to the tachyonic
mass-square. If the decay is weak, ρ ≥ 1/2, the velocity of
the radiated quanta is subluminal despite the mass term
in (3). Here, we show how the shape parameter 1 − ρ of
tachyonic Cherenkov spectra can be used to distinguish
subluminal from superluminal group velocities of γ-rays
close to the speed of light.

Another marked difference to electromagnetic spectra
owing to the tachyonic mass-square in Lagrangian (3)
is longitudinal polarization. Especially in the classical

Table 1: Fitting parameters of the tachyonic energy flux of
the pulsars in figs. 1–3. Recorded are the fine-structure scaling
exponent σ and the scaling exponent ρ of the tachyon mass,
cf. (10) and (26), the decay exponent β∞ =

√
εμ0β/mt0[GeV],

cf. (17) and (27), and the flux amplitude at [GeV cm−2s−1], cf.
(24). The spectral fits are based on the differential flux den-
sity EFT+L

E = E2dNT+L/dE, cf. (25). The γ-rays are radi-
ated by a thermal ultra-relativistic plasma with electron index
α = −2.

σ ρ β∞ at

Vela −0.443 0.543 2.404 5.43 × 10−6

J1709 −0.558 0.611 2.743 1.19 × 10−6

Geminga −0.0186 0.444 2.159 1.96 × 10−6

Cherenkov regime, where the tachyon-electron mass ratio
is small, mt(ω)/me � 1, there is a substantial longitu-
dinal radiation component, see figs. 1–3, and the weaker
transversal radiation is linearly polarized, that is, there
is only one degree of transversal polarization. If one just
uses Stokes parameters to analyze the polarization, one
will mistakenly identify the longitudinal component as
transversal, as these parameters are based on the assump-
tion of transversality. In the extreme quantum regime,
where mt(ω)/me � 1 (which can be reached in TeV spec-
tra because of the frequency dependence of the tachyon
mass), there emerge two transversal degrees of compara-
ble magnitude as well as a weaker longitudinal radiation
component, but this is not the case for the pulsar spectra
discussed here.

The 3D field strengths are Êk = F̂k0 and B̂k =
εkijF̂ij/2. The Fourier transform of the 4-current jμ =
(ρ, j) is denoted by ĵμ = (ρ̂, ĵ) in Lagrangian (3).
The permeabilities in (1) define isotropic tensors gμν

A (ω)
and gμν

F (ω),

g00
A = −ε0, gij

A =
δij

μ0
, g00

F = −μ1/2ε, gij
F =

δij

μ1/2
,

(4)
with g0i

A = g0i
F = 0. The permeability tensor gμν

J (ω) cou-
ples the external current to the field,

g00
J = −Ω0(ω), gmn

J =
δmn

Ω(ω)
, gk0

J = 0. (5)

Greek indices are raised and lowered with the Minkowski
metric ημν = diag(−1, 1, 1, 1). The inductive 4-potential
is Ĉμ = (Ĉ0, Ĉ) or Ĉμ = gμν

A Âν , and the inductive field
tensor reads Ĥμν = gμα

F gνβ
F F̂αβ . The inductions in (1) are

related to Ĥμν by D̂l = Ĥ0l and Ĥi = εiklĤ
kl/2.

The “dressed” current ĵμ
Ω = (ρ̂Ω, ĵΩ) in the field equa-

tions (2) is defined by ĵμ
Ω = gμν

J ĵν , cf. (3). The tensor gμν
J

amounts to a varying coupling constant if Ω0(ω) coincides
with 1/Ω(ω) [9], which is assumed in the following, cf. (10)
and table 1. Thus, ĵμ

Ω = ĵμ/Ω(ω) or ĵμ
Ω = (ρ̂/Ω, ĵ/Ω). If

the external current is conserved, ĵm
,m − iωĵ0 = 0, this

holds true for ĵμ
Ω as well, so that the field equations for
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the vector potential read

(Δ + k2
L(ω))Â0 =

1
ε
ρ̂Ω,

(Δ + k2
T(ω))Â +

(
ε

ε0

μ

μ0
− 1

)
∇divÂ = −μ̂jΩ,

(6)

k2
T(ω) = εμω2 +m2

t

μ

μ0
, k2

L(ω) = ε0μ0ω
2 +m2

t

ε0

ε
. (7)

The Proca equations (6) and dispersion relations (7) are
equivalent to the Maxwell equations (2) with conserved
current. Transversal waves satisfy divÂ = 0, longitudinal
ones rotÂ = 0.

Tachyonic Cherenkov densities of an inertial
charge in a permeable spacetime. – We consider a
classical charge q moving with constant subluminal ve-
locity υ < 1. The charge and current densities are
ρ = qδ(x − υt) and j(x, t) = qυδ(x − υt). In [9], we cal-
culated the tachyonic radiation fields of this current via
the Proca equations (6) and (7), and derived the asymp-
totic Poynting vectors and the power PT,L transversally
and longitudinally radiated:

PT =
∫ ωT,max

0

pT(ω)dω, PL =
∫ ωL,max

0

pL(ω)dω, (8)

pT(ω) =
q2

4πΩ2(ω)

(
1 − ω2

k2
T(ω)υ2

)
μ(ω)ωυ,

pL(ω) =
q2

4πΩ2(ω)
m2

t (ω)ε0(ω)ω
ε2(ω)k2

L(ω)υ
.

(9)

The integration of the classical densities in (8) is over
frequency intervals in which kT(ω)υ > ω and kL(ω)υ >
ω respectively, cf. (7). Here, we assume that equa-
tion kT(ωT,max)υ = ωT,max has just one solution and
kT(ω)υ > ω for ω < ωT,max, and analogously for the
longitudinal power PL and ωL,max. We will consider con-
stant positive permeabilities with εμ = 1 and ε0μ0 = 1,
so that the transversal and longitudinal dispersion re-
lations (7) coincide. Radiation from uniformly moving
subluminal charges is generated by the Cherenkov mech-
anism [10,11]. The radiated tachyonic quanta can be
sub- or superluminal, cf. (31). Apart from the inertial
Cherenkov effect, electromagnetic radiation by transversal
and longitudinal acceleration of superluminal charges has
been studied in [12], and radiation from superluminally
rotating macroscopic light spots in [13]. As the electron
plasma is magnetically confined, there is also tachyonic
synchrotron radiation inducing ripples in the radiation
densities (9) [14]. Averaged over the electron density (14),
this radiation is negligible compared with the inertial emis-
sion caused by the negative mass-square [15].

We measure energy in GeV units, writing E for
h̄ω[ GeV], and consider a power-law frequency variation

of the tachyon mass and the tachyonic fine-structure con-
stant,

mt(E) = mt0E
ρ, αt(E) =

q2

4πΩ2
= αt0E

σ. (10)

Here, we have identified the scaling function Ω(ω) in (5)
and (9) as Ω = E−σ/2. The amplitude αt0 = q2/(4πh̄c)
is dimensionless, being the tachyonic counterpart to the
electric fine-structure constant e2/(4πh̄c) = 1/137. αt0

and mt0[ GeV] are positive amplitudes. The mass scaling
exponent ρ is restricted to ρ < 1, see after (21). In the
range 0 < ρ < 1, we will find subexponential decay ∝
exp(−β∞E1−ρ) of the energy flux, cf. (26).

We substitute the wave numbers (7) into the spectral
densities (9) and parametrize the velocity of the sublumi-
nal charge with the Lorentz factor, υ =

√
γ2 − 1/γ,

pT(E, γ)=
q2

4πΩ2ε

m2
tE

εμ0E2 + m2
t

(
1 − 1

η(γ)
E2

m2
t

)√
γ2−1
γ

,

pL(E, γ) =
q2

4πΩ2ε

m2
tE

εμ0E2 + m2
t

γ√
γ2 − 1

,

(11)

where we use the shortcut

η(γ) =
1

εμ0
(γ2 − 1). (12)

Equation E2
max = m2

t (Emax)η(γ) is equivalent to
kT,L(ωmax)υ = ωmax, as the dispersion relations (7) are
identical for ε0μ0 = εμ, cf. after (9), so that ωT,max =
ωL,max in (8) and Emax = h̄ωmax[ GeV]. Substituting
mt(E) = mt0E

ρ, cf. (10), we can solve for Emax to find
the highest frequency radiated by an inertial charge with
Lorentz factor γ,

Emax(γ) = m
1/(1−ρ)
t0 (η(γ))1/(2−2ρ). (13)

Since ρ < 1, Emax(γ) is monotonically increasing. For
the classical densities (9) to be applicable, Emax(γ) �
meγ has to hold, where meγ is the energy of the radiating
charge.

Polarized radiation densities averaged over ther-
mal and non-thermal electron distributions. – We
average the radiation densities (11) over an electronic
power-law distribution [16],

dρα,β(γ) = Aα,βγ−α−1e−βγ
√

γ2 − 1dγ, (14)

parametrized with the electronic Lorentz factor γ. The
dimensionless normalization constant Aα,β is related to
the electron number Ne = Aα,βKα,β by

Kα,β =
∫ ∞

1

γ−α−1e−βγ
√

γ2 − 1dγ, (15)

where β = me/(kBT ) is the dimensionless temperature pa-
rameter and me the electron mass, so that T [ K] ≈ 5.93×
109/β. A Maxwell-Boltzmann equilibrium distribution
requires the electron index α = −2; Kα=−2,β = K2(β)/β
is a modified Bessel function.
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The spectral average of the radiation densities (11) is
carried out as

〈pT,L(E)〉α,β =
∫ ∞

1

pT,L(E, γ)θ(Emax(γ) − E)dρα,β(γ),

(16)
where θ is the Heaviside step function. We solve the
inequality E < Emax(γ) for γ, with Emax(γ) in (13):
γ > γmin(E),

γmin(E) =
√

1 + κ2
tE

2(1−ρ), κt =
√

εμ0

mt0[GeV]
. (17)

γmin(E) is monotonically increasing for ρ < 1. For a fre-
quency E to be radiated, this requires the Lorentz factor
to exceed γmin(E). The average (16) can thus be reduced
to

〈pT,L(E)〉α,β = BT,L(E, γmin(E)), (18)

BT,L(E, γmin) =
∫ ∞

γmin

pT,L(E, γ)dρα,β(γ). (19)

More explicitly, the transversal/longitudinal spectral func-
tions BT,L read

BT(E, γmin) = Aα,β
1
ε

αt(E)E
β2γα+3

min

[
(α(α + 1) − (βγmin)2)

× (βγmin)α+1Γ(−α − 1, βγmin)

+ e−βγmin(βγmin − α)
]
, (20)

BL(E, γmin) = Aα,β
1
ε

αt(E)E
β2γα+3

min

[
α(α + 1)(βγmin)α+1

×Γ(−α − 1, βγmin) + e−βγmin(βγmin − α)
]
.

(21)

We write BT,L(E) for BT,L(E, γmin(E)). The unpo-
larized radiation density is 〈pT+L(E)〉α,β = BT+L(E),
with BT+L = BT + BL. For a thermal electron
distribution, α = −2, the spectral functions simplify
since Γ(1, βγmin) = e−βγmin . The asymptotic limit of
the incomplete gamma function is Γ(−α − 1, βγmin) ∼
(βγmin)−α−2e−βγmin , applicable for βγmin(E) � 1, so that
the spectral functions BT,L(E) decay subexponentially
(0 < ρ < 1) or superexponentially (ρ < 0) for E → ∞,
cf. (17). The minimal Lorentz factor γmin(E) in (17) re-
mains valid for ρ ≥ 1, but the limit γmin(E → ∞) is finite,
so that a genuine exponential decay factor is lacking in the
spectral functions. Therefore we restrict the mass scaling
exponent to ρ < 1.

The differential energy flux FT,L
E and the differential

number flux dNT,L/dE are related to the spectral func-
tions BT,L(E) by, cf. (18),

EkFT,L
E = E1+k dNT,L

dE
=

Ek[GeV]BT,L(E)[GeV]
4πd2[cm]h̄[GeV s]

, (22)

where d[cm] is the distance to the source, and
4πd2[cm]h̄[GeV s] ≈ d2[kpc] × 7.877 × 1019 [17]. It is
convenient to rescale FT,L

E with a power Ek to make
steep spectral slopes better visible; we will put k = 1.

The total differential flux EkFT+L
E [(GeV)k cm−2s−1] is

obtained by adding the polarization components, sub-
stituting BT+L(E) into (22). We find, by assembling
(20)–(22),

EkFT+L
E =

atE
σ+k+1

(βγmin)α+3

[
(2α(α + 1)−(βγmin)2)(βγmin)α+1

×Γ(−α − 1, βγmin) + 2e−βγmin(βγmin − α)
]
, (23)

with γmin(E) defined in (17). The combined amplitude

at[(GeV)kcm−2s−1] =
1
ε

αt0Aα,ββα+1

4πd2[cm]h̄[GeV s]
(24)

is a fitting parameter. For a thermal electron population
(14) with α = −2, the unpolarized flux (23) simplifies to

EkFT+L
E =

atE
σ+k+1

(βγmin)2
e−βγmin(βγmin + 2)2. (25)

Weibull decay of the spectral tails of Fermi-LAT
pulsars. – We study the high-energy limit βγmin(E) � 1,
γmin(E) � 1, and the intermediate regime βγmin(E) � 1,
γmin(E) � 1, cf. (17), of the unpolarized differential flux
density EkFT+L

E in (23). The energy range of LAT pulsar
spectra [1] lies above 100MeV. The tachyon-electron mass
ratio is assumed to be small, mt(E)/me � 1, cf. (10), oth-
erwise we would have to quantize the Cherenkov densities
(9) (see [18] for the vacuum quantum densities). Thus
we can approximate γmin ∼ κtE

1−ρ in the LAT spectral
range, since κ2

tE
2(1−ρ) � 1 for 0 ≤ ρ < 1, cf. (17). The

above limits correspond to βκtE
1−ρ � 1 and βκtE

1−ρ �
1; the latter is not to be confused with the low-frequency
limit βγmin(E → 0) = β applicable in the radio band [9],
where β and κt become independent fitting parameters.

In the high-energy regime βκtE
1−ρ � 1, we fit the spec-

tral tail with

EkFT+L
E ∼ A∞Eη∞ exp(−β∞E1−ρ), A∞=

at

βα+2
∞

, (26)

η∞ = σ + 1 + k + (ρ − 1)(α + 2), β∞ = βκt. (27)

The scaling exponent ρ of the tachyon mass, cf. (10),
determines the shape parameter 1 − ρ of the Weibull ex-
ponential in (26), cf. [19].

In the intermediate-energy range (at high temperature),
βγmin ∼ βκtE

1−ρ � 1, the flux reads

EkFT+L
E ∼ atE

σ+k+1

(βγmin)2
2Γ(1 − α) = A0E

η0 , (28)

η0 = σ + 2ρ + k − 1, A0 =
at

β2
∞

2Γ(1 − α). (29)

We restrict here to electron indices α < 1 to save notation;
this sufficiently covers the equilibrium index α = −2. A0

and η0 can be estimated by fitting the power-law slope
(28) (linear in a log-log plot) to the lower end of the LAT
spectrum. The amplitude and scaling relations

A∞ =
A0

βα
∞2Γ(1 − α)

, η∞ = η0 + (ρ − 1)α (30)
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are to be substituted into the high-frequency limit (26).
We determine initial guesses for A0 and η0 from a fit of
the ascending slope with (28), insert these parameters into
(30), and obtain β∞, ρ and α by fitting the spectral tail
with (26). The fine-structure scaling exponent σ and the
flux amplitude at are inferred from (29). These param-
eters serve as initial guess in the χ2 fit based on (23) or
(25), where we substitute βγmin ∼ β∞E1−ρ. The fitting
parameters are α, σ, ρ, β∞ and at; we will prescribe the
electron index, α = −2, of an electron gas in thermal
equilibrium.

Spectral fits to Fermi-LAT pulsars: sub- and su-
perluminal Cherenkov γ-rays. – In figs. 1–3, we plot
the energy flux EFT+L

E = E2dNT+L/dE, cf. (25), per-
forming tachyonic Cherenkov fits to the LAT spectra of
the Vela pulsar, PSR J1709 − 4429 and Geminga. These
spectra show distinctly subexponential Weibull decay,
EFT+L

E ∝ exp(−β∞E1−ρ), ρ > 0, cf. (26) and table 1.
Since the tachyon mass mt0 is much smaller than the elec-
tron mass and the decay exponent β∞ =

√
εμ0β/mt0[GeV]

is moderate, cf. table 1, the temperature parameter β
must be small, so that the thermal electron plasma is
ultra-relativistic, cf. (14).

The energy dependence of the tachyon mass and the
tachyonic fine-structure constant, cf. (10), can be ab-
sorbed in the permeabilities, by redefining ε(E) = εE−σ,
μ0(E) = μ0E

σ−2ρ and retaining the relations ε(E)μ(E) =
ε0(E)μ0(E) = 1, cf. after (9). We can then put mt(E) =
mt0, αt(E) = αt0. That is, the spectral functions BT,L(E)
in (20) and (21) do not change if we keep mt and αt con-
stant and use frequency-dependent permeabilities instead.
The minimal Lorentz factor (17) stays invariant as well,
since γmin(E) =

√
1 + Ê2, Ê =

√
εμ0E/mt(E).

The refractive indices nT,L = kT,L/ω, cf. (7), are re-
lated to the transversal and longitudinal group velocities
by υT,L,gr = 1/(ωnT,L)′. The condition εμ = ε0μ0 = 1
implies nT = nL and, cf. (10),

υgr =

√
1 + E2ρ−2m2

t0/(εμ0)
1 + ρE2ρ−2m2

t0/(εμ0)
≈ 1 +

(
1
2
− ρ

)
E2ρ−2 m2

t0

εμ0
.

(31)

Whether this velocity is sub- or superluminal can be read
off from the Weibull shape parameter of the spectral tail,
cf. (26), from which the scaling exponent ρ of the tachyon
mass is inferred: υgr is subluminal for ρ ≥ 1/2 and superlu-
minal for ρ < 1/2. Tachyonic γ-rays from the Vela pulsar
and PSR J1709 − 4429 are thus subluminal, cf. table 1,
whereas the γ-ray emission of Geminga is superluminal.
The rescaled tachyonic mass amplitude mt0/

√
εμ0 can be

inferred by measuring the group velocity (31); the elec-
tron temperature is then obtained via (17), (27) and β∞
in table 1.

The tachyonic Cherenkov densities (9) are derived from
classical Maxwell-Proca equations, cf. (1)–(7), and are in-
dependent of the mass of the radiating charge, in contrast
to the quantized densities which depend on the tachyon-
electron mass ratio; this will be discussed elsewhere.
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