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Outline
Motivation: Recent works on tachyons are an interesting attempt of  
connecting tachyon non-determinism to foundations of QM.


Claims:

We show that the twin space 

does not lead to a covariant quantum scalar field with negative .


We also show that the Dhar-Sudurshan Feynman propagator leads to unitarity 
violation due to complex poles at 


Finally, we discuss LSZ formalism for tachyons in a model-independent way. 
We show that one cannot prove the LSZ asymptotic condition just  
by replacing plane waves with wavepackets.

m2

p0 = ± im Dhar, Sudurshan PhysRev.174.1808

[1] Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)

Dragan, Ekert (New J.Phys. 22 (2020) 3, 033038)
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Instead of history of tachyons

Sudurshan et al. (PhysRev.173.1622, PhysRev.174.1808, Am.J.Phys. 30 (1962))Feinberg, Phys. Rev. 159, 1089 (1967),
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[1] Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)

We look into the recent work [1] studying QFT of tachyons, related to the Dragan-Ekert superluminal observers 
program. Paczos et al. have already pointed out some mistakes in previous (  1960s) attempts of QFT of 
tachyons and proposed to extend the Hilbert space to twin space, but we find that it is classical theory.

We use QFT as a framework  our results are not directly relevant to 

∼

→ Dragan, Ekert (New J.Phys. 22 (2020) 3, 033038)
Dragan et al. (Class.Quant.Grav. 40 (2023) 2, 025013)

Instead of history of tachyons
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Two classes of transformations that preserve the speed of light
Dragan, Ekert (New J.Phys. 22 (2020) 3, 033038)

Are tachyons just a curiosity?

Please see the following 
seminars for comprehensive 
introduction to physics of  
superluminal observers.
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Ignatowsky 1910

Use symmetry of flat space 
isotropy, homogeneity etc.

Two classes of (linear) transformations that preserve the speed of light

Parker 1969

• in 1+3 the group has to include direction-dependent time dilations
Marchildon, Antippa, Everett Phys. Rev. D 27, 1740

Dragan, Ekert (New J.Phys. 22 (2020) 3, 033038)

Are tachyons just a curiosity?

Tolman 1917

• Full (AKA extended) principle of relativity

• Physics: causality paradoxes

• Math:  transformation group is possible in 1+1 

spacetime
v > c



• Extended principle of relativity

• causality paradoxes

•  transformation group possible only in 1+1 spacetime; 

in 1+3 there are also direction-dependent time dilations

v > c

Marchildon, Antippa, Everett Phys. Rev. D 27, 1740

Tolman 1917

Special relativity only works with  (?!)v < c

• Tolman and Marchildon et al. arguments evaded because  
i) causality violation has a non-deterministic character  superluminal signaling is impossible (?) 
ii) switching from 1+3 to 3+1 spacetime  superluminal observers are distinguishable

→
→

Dragan, Ekert (New J.Phys. 22 (2020) 3, 033038)
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Dragan et al. (Class.Quant.Grav. 40 (2023) 2, 025013)

Are tachyons just a curiosity?



• Galilean principle with superluminal observers  QM (?!)

 

• Quantum Principle of Relativity 
 

“existence of a local and deterministic mode of description of any process  
should not depend on the choice of the inertial reference frame” 
superluminal observers require wave-like description 
of Nature using complex numbers  (part of) QM is recovered

→

→
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Dragan, Ekert (New J.Phys. 22 (2020) 3, 033038)

Sudurshan et al. PhysRev.173.1622, Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)

• Reinterpretation principle proper

Dragan et al. (Class.Quant.Grav. 40 (2023) 2, 025013)

Are tachyons just a curiosity?

We use QFT as a framework  our results are not directly relevant to → Dragan, Ekert (New J.Phys. 22 (2020) 3, 033038)
Dragan et al. (Class.Quant.Grav. 40 (2023) 2, 025013)
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Horodecki New J.Phys. 25 (2023) 12, 128001

Are tachyons just a curiosity?



• Extended principle of relativity

• causality paradoxes

•  transformation group possible only in 1+1 spacetime; 

in 1+3 there are also direction-dependent time dilations

v > c

Marchildon, Antippa, Everett Phys. Rev. D 27, 1740

Tolman 1917

• Galilean principle with superluminal observers  QM (?!) 
• comments questioning the “Quantum Principle of Relativity”

→

Grudka, Wojcik New J.Phys. 24 (2022) 098001

Horodecki New J.Phys. 25 (2023) 12, 128001

Del Santo, Horvat New J.Phys. 24 (2022) 12, 128001

Dragan, Ekert (New J.Phys. 22 (2020) 3, 033038)

QPR is incomplete

QPR is wrong

QPR is not needed

It seems the QPR cannot be considered as a full-fledged physical principle.  
Moreover, “Superluminal observers do not explain quantum superpositions”

10

Grudka et al. Phys. Lett. A 487, 129127 (2023)

Special relativity only works with  (?!)v < c

Are tachyons just a curiosity?



Towards tachyon QFT

   Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)

• employ two-state formalism of Aharonov et al.

• Fock space contains both past and future

• gives covariant description and LI vacuum

11

• Classical Field Theory with superluminal observers

• exchange time and space dimensions 1+3  3+1  

(ala black hole behind the event horizon)

• field theory as a direct consequence of extended special relativity


                                  Dragan et al. (Class.Quant.Grav. 40 (2023) 2, 025013) 

• QFT of tachyons - previous attempts have holes

• both bose/fermi commutation relations were tried; 

none leads to covariant description  twin space

• unstable and frame-dependent vacuum  

(energy spectrum unbounded from below)

• lack of microcausality - claims it does not matter since 

signal sending is impossible due to “basis incompleteness”

•  

•  

•   

→

→

Sudurshan et al. (Am.J.Phys. 30 (1962), Phys Rev. 173.1622, Phys. Rev. 174.1808)

Tanaka Prog. Theor. Phys. 24 (1960) 171

Feinberg, Phys. Rev. 159, 1089 (1967)

Grudka, Wojcik New J.Phys. 24 (2022) 098001

Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)

Feinberg, Phys. Rev. 159, 1089 (1967)
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For subliminal observers, boosts preserve each sheet, while for superluminal observers, there is 
only one sheet and there are boosts that change the sign of time/energy of a space-like 4-vector.

E ⃗p = − | ⃗p |2 + m2 < 0

Moreover, note that we have excluded  from b), since they lead to  
complex energies, and then , which is non-normalizable at .

| ⃗p | ≤ m
ϕ ∼ e−ikx ∼ e−Γt t → − ∞

E ⃗p < 0

Some well-known facts: the mass shell: p2 ∓ m2 = 0

E ⃗p = | ⃗p |2 − m2 > 0

m > 0
pz = 0

a) Two (disconnected) sheet hyperboloid b) One sheet hyperboloid

E ⃗p = | ⃗p |2 + m2 > 0

| ⃗p | ≥ m

px

py

px

py

All proposals tachyon QFTs do not overcome this fact if the CCR of fields are to be satisfied.
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a) Two (disconnected) sheet hyperboloid b) One sheet hyperboloid

dp′￼x = dpx
dp′￼y = dpy
dp′￼z = γ(dpz − βdE) = γdpz(1 − βpz /E)

= dpzE′￼/E
We used  and .dE/dpz = pz /E E′￼= γ(E − βpz)
Therefore,  is LIM for a).d3p′￼/E′￼= d3p/E

E ⃗p = | ⃗p |2 + m2 > 0
m > 0

We use LIM to normalize single-particle  
states to : .1 ⟨ ⃗p | ⃗q ⟩ = (2π)3 2E ⃗p δ3( ⃗p − ⃗q )

Mass shell: p2 ∓ m2 = 0

E ⃗p < 0

E ⃗p = | ⃗p |2 − m2 > 0

E ⃗p < 0

px

py

pz = 0

| ⃗p | ≥ m

px

py
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[1] Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)

where 

Twin space
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Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)

Dereziński Lect.Notes Phys. 695:63-143, 2006
where 

Using the identification above - the twin space  
is explicitly a proper Fock space. What about operators?

Twin space
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Twin space
Time-symmetric formulation of QM (two-state formalism) Aharanov, Bergmann, and Lebowitz 1964

Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)

,

, , ,

Invoked to have a covariant tachyon quantum field Φ̂
Let us first consider  acting in the regular Fock space:̂ϕ
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Twin space
Time-symmetric formulation of QM (two-state formalism) Aharanov, Bergmann, and Lebowitz 1964

Demanding , requires 

For time-like ,  is LI, so  is LI:k sgn(k0) ̂ϕ

For space-like , there are boosts that flip , sok sgn(k0)

,

which changes  into  and hence commutator changes sign.a a†

Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006) noticed that neither
Dhar, Sudurshan PhysRev.174.1808

Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)

solve this problem.
Feinberg, Phys. Rev. 159, 1089 (1967)

nor

Invoked to have a covariant tachyon quantum field Φ̂
Let us first consider  acting in the regular Fock space:̂ϕ



F
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Feinberg, Phys. Rev. 159, 1089 (1967)QM CCR:   
[x, p] = i

QFT CCR:   
[Φ(0, ⃗x ), ∂tΦ(0, ⃗y )] = iδ( ⃗x − ⃗y )

QM CCR:   [a, a†] = 1

Is normally equivalent to: 
.  

But what about tachyons?
[a ⃗k , a†

⃗l
] = δ3( ⃗k − ⃗l)

Twin space
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is LI on-shellFor completeness, we need to show that

Twin space

is equivalent to
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Twin space
We use LIM to normalize single-particle states to : .1 ⟨ ⃗p | ⃗q ⟩ = (2π)3 2E ⃗p δ3( ⃗p − ⃗q )

Equivalent to this does not yet mean we have QM.

∼

∼

Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)

If we want

then This is consistent with 
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∼

∼

This choice leads to covariant, non-quantum field.

The other choice leads to quantum, non-covariant field, e.g., micro-causality violation.

Twin space
We use LIM to normalize single-particle states to : .1 ⟨ ⃗p | ⃗q ⟩ = (2π)3 2E ⃗p δ3( ⃗p − ⃗q )

Equivalent to this does not yet mean we have QM.

Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)

If we want

then This is consistent with 



Covariance guaranteed since

Indeed,  , and vanishing CCRs are preserved by boosts. However, the 

CCR are not satisfied since                                 . 


Moreover,  for any .

Indeed, . Therefore, 
the terms with  have opposite sign to  and .

[c ⃗k , c†
⃗l
] = 0

0 ≠ i δ( ⃗x − ⃗y )

[Φ(x), Φ(y)] = 0 x, y
⟨0 |ϕ⋆(x)ϕ⋆(y) |0⟩F⋆ = (⟨0 |ϕ(y)ϕ(x) |0⟩F)⋆ = ⟨0 |ϕ(y)ϕ(x) |0⟩F

ϕ⋆ ϕ [Φ(x), Φ(y)] = 0
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Twin space

̂c ⃗k ≡ ̂a ⃗k ⊗ 1̂ + 1̂ ⊗ ̂a⋆
⃗k

| ⃗k | > m

| ⃗k | > m

⋆⋆ +
⋆



Covariance guaranteed since

Indeed,  , and vanishing CCRs are preserved by boosts. However, the 

CCR are not satisfied since                                 . 


Moreover,  for any .

Indeed, . Therefore, 
the terms with  have opposite sign to  and .

[c ⃗k , c†
⃗l
] = 0

0 ≠ i δ( ⃗x − ⃗y )

[Φ(x), Φ(y)] = 0 x, y
⟨0 |ϕ⋆(x)ϕ⋆(y) |0⟩F⋆ = (⟨0 |ϕ(y)ϕ(x) |0⟩F)⋆ = ⟨0 |ϕ(y)ϕ(x) |0⟩F

ϕ⋆ ϕ [Φ(x), Φ(y)] = 0
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Twin space

̂c ⃗k ≡ ̂a ⃗k ⊗ 1̂ + 1̂ ⊗ ̂a⋆
⃗k

There is no quantum dynamics since everything commutes, which is indeed LI.

Take derivative wrt. . Then .t = y0 [Φ(x), ∂tΦ(y)] = 0



Covariance guaranteed since

Indeed,  , and vanishing CCRs are preserved by boosts. However, the 

CCR are not satisfied since                                 . 


[c ⃗k , c†
⃗l
] = 0

0 ≠ i δ( ⃗x − ⃗y )
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Twin space

̂c ⃗k ≡ ̂a ⃗k ⊗ 1̂ + 1̂ ⊗ ̂a⋆
⃗k

is also c-number so the same applies

π( ⃗x ) =
1
2 ∫| ⃗k |>m

d3 ⃗k
(2π)3 (−i ei ⃗k ⋅ ⃗x ̂a ⃗k + i e−i ⃗k ⋅ ⃗x ̂a†

⃗k )
π⋆( ⃗x ) =

1
2 ∫| ⃗k |>m

d3 ⃗k
(2π)3 (−i ei ⃗k ⋅ ⃗x ̂a⋆

⃗k
+ i e−i ⃗k ⋅ ⃗x ̂a†⋆

⃗k )
The point is, these have an opposite sign

so .[ϕ⋆( ⃗x ), π⋆( ⃗y )] = − [ϕ( ⃗x ), π( ⃗y )]

Note that .δ(x − y) = δ(−x + y)
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What if ϕ⋆ ∼ ϕ†

Commutator and any TOCF are not LI (in particular, two-point TOCF - FP).

Micro-causality is violated  LI scattering theory is impossible, causality violation.
→

⟨0 |ϕ⋆(x)ϕ⋆(y) |0⟩F⋆ = (⟨0 |ϕ(y)ϕ(x) |0⟩F)⋆ = ⟨0 |ϕ(y)ϕ(x) |0⟩*F = ⟨0 |ϕ(x)ϕ(y) |0⟩F

The  field inherits all the problems of Φ Dhar and Sudarshan 1968

| ⃗k | > m

| ⃗k | > m

⋆⋆ +
⋆

Same dynamics as in regular Fock space for .̂ϕ
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Dhar-Sudarshan Feynman propagator

This is not a two-point TOCF of  (or ), since 
the  modes were put back in.

Note that FP propagates positive energy into the 
future and negative energy states into the past.

Φ ϕ
k < m

Dhar and Sudarshan 1968

−ω ⃗k + iϵ

ω ⃗k − iϵ

iω ⃗k − ϵ

−iω ⃗k + ϵ

ω ⃗k = | ⃗k |2 − m2, ϵ > 0

| ⃗k | > m

Re(k0)

Im(k0)

| ⃗k | < m
Poles:

→

→

Red/blue contour on the left  
also includes imaginary pole!
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Dhar-Sudarshan Feynman propagator

Dhar and Sudarshan 1968
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Dhar-Sudarshan Feynman propagator

Dhar and Sudarshan 1968

Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)

Previously, I interpreted  
orange sentences as statements 
about DS FP, since virtual 
tachyons are unavoidable in QFT. 
 
However, the proper expression 
for FP in 

is actually not given.

Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)



The Feynman propagator of a tachyon

violates unitarity

Photon propagator in Coulomb gauge is not Lorentz 
invariant (preferred reference frame where ).∂t A0 = 0

Dhar and Sudarshan 1968:
“The situation here is very similar to quantum electrodynamics in the radiation (Coulomb) gauge. In this case, for 
each value of the momentum there are only two types of photons which are both transverse. The contraction 
function of two such Maxwell field operators is not covariant. Hence we have to add the direct Coulomb interaction 
between the electric charge densities with the coupling strength e. The net result of all this is that the perturbation 
series can be developed as if the contraction function were covariant and as if there were longitudinal and scalar 
photons.“

29

Gij
F(x − y) = ⟨0 |T Ai(x)Aj(y) |0⟩

= θ(x0 − y0)∫
d3k

(2π)32ωk ∑
λ=±

ϵiλ(k)ϵ jλ*(k) e−ik(x−y)

+θ(y0 − x0)∫
d3k

(2π)32ωk ∑
λ=±

ϵiλ(k)ϵ jλ*(k) e+ik(x−y)

= ∫
d4k

(2π)4

i e−ik(x−y)

k2 + iϵ (δij −
ki kj

| ⃗k |2 )

Sakurai “Advanced QM”

Conservation of the QED current causes  
decoupling of the unphysical modes.  
But tachyons have no gauge invariance!

Dhar-Sudarshan Feynman propagator
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Consider  elastic scattering of subliminal states mediated by a virtual tachyon. 
Kinemat ics i s the same as usual and the a l lowed momentum trans fer 

. Simple calculation for  gives 
. Since  in the CMF, the pole in the tachyon propagator 

 in the t-channel is hit for , when . You can also find , which 
will satisfy this condition for any , . It is  There is also 
divergence in the u-channel for any , e.g., for .  
These are purely kinematical divergences in the physical region: .

2 → 2

tmin ≤ q2 = t = (p1 − p3)2 ≤ tmax = 0 m1 = m2 = m3 = m4 = mψ
tmin = 4m2

ψ − s s = 4E2 = 4p2 + 4m2
ψ

(t + m2
ψ = 0) t = tmin p2 = m2

ϕ /4 p
t = c tmin 0 < c ≤ 1 p2 = m2

ψ /(4c)
t = 4m2

ψ + m2
ϕ − s u = u(tmax)

θ ≠ 0, π

s t u

i
s + m2

ϕ
i

t + m2
ϕ

i
u + m2

ϕ

m2
ψ, m2

ϕ > 0

u = − s − t + 4m2
ψ4m2

ψ − s ≤ t ≤ 0

Tree-level unitarity violation

s = 4E2
ψ = 4 | ⃗p ψ |2 + 4m2

ψ > 0 ψψ
ψ

ψ

ψ

ψ
ψ ψ ψ ψ

ψψ
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Tree-level unitarity violation

Mrówczyński 1983
Already noted in



−ω ⃗k + iϵ

ω ⃗k − iϵ

iω ⃗k − ϵ

−iω ⃗k + ϵ

ω ⃗k = | ⃗k |2 − m2, ϵ > 0

| ⃗k | > m

Re(k0)

Im(k0)

| ⃗k | < m
Poles:

→

→
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b)

Let us compute virtual tachyon  contribution 
to the mass renormalization of a scalar .

Φ̂
ψ

ψ

ψ

Φ̂

ψDhar and Sudarshan 1968

1-loops with virtual tachyons

Wick rotation (metric changed to “-” Euclidean) is the same as in standard QFT since we avoid all the poles.
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1-loops with virtual tachyons

where ,  ,  , and  for  

. We used  

D = 4 − 2ϵ < 4 l = k + px Δ(x) = − x(1 − x)p2 + (1 − x)m2
0 + xm2

1 − iϵ Δ(x±) = 0

x± =
1
2 (1 +

m2
0 − m2

1

p2 ) ± (1 +
m2

0 − m2
1

p2 )
2

− 4
m2

0 − iϵ
p2

Aϵ ≃ 1 + ϵ log(A)

Γ(ϵ) ≃
1
ϵ

− γE

Actually, we only need the imaginary part, which is easier to calculate:


Im(M) = − π∫
1

0
dx θ [x(1 − x)p2 − (1 − x)m2

0 − xm2
1]
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Unitarity violation

Optical theorem

 is unstable due to the tachyon in the loop⟹ ψ

Propagator for stable  and unstable  

 particles  pole at 

−i
k2 − m2 + iϵ

−i
k2 − m2 + imΓ

→ k0 = m2 − imΓ ≃ m − iΓ/2

ϕ ∼ e−Γt/2

-10 -5 0 5 10

-3

-2

-1

0

1

-10 -5 0 5 10

-3

-2

-1

0

1

0 < p2 < 4m2
ψ

Im I(p2) = 0 for

 develops finite imaginary partImM
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Unitarity violation - self-interactions

-10 -5 0 5 10

-3

-2

-1

0

1

Im(M ) = − π
p2 + 4

p2
− 1 (θ(p2 + 4) − 1) + θ(p2 + 4)

No threshold for  for the LHS.  
 Tachyon self-interactions (cubic term) 

    make it unstable

s = p2

→

Optical theorem

 develops finite imaginary partImM
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Unitarity violation - self-interactions & scattering

-10 -5 0 5 10

-3

-2

-1

0

1

Im(M ) = − π
p2 + 4

p2
− 1 (θ(p2 + 4) − 1) + θ(p2 + 4)

No threshold for  for the LHS.  
But then the RHS of optical theorem  
says that you can produce tachyons with 
imaginary energies in  scattering!

s = p2

2 → 2

Optical theorem

 develops finite imaginary partImM
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Is optical theorem satisfied? - definitely  
not for the DS Feynman propagator.


Specifying FP is necessary to check unitarity.

Tachyons and the SM?

-10 -5 0 5 10

-3

-2

-1

0

1

Im(M) =
π

2p2
−

4
p4

+ 1p2 + p2 − 2 θ(p2) + θ(−p2) p2(−θ(p2)) +
4
p4

+ 1p2 + p2 − 2 − 2p2 + 4

Paczos et al. 2407.06640
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Reinterpretation principle 
• iii) Is the reaction rate for the process  

of tachyon emission/absorption shown  
in Fig. 1 of Ref. [1] well-defined?

Bilaniuk, Deshpande, Sudarshan Am. J. Phys. 30, 718 (1962)

• Reinterpretation principle: tachyon with  is antitachyon with 

•  decay involving final state tachyon with  is actually  

 inverse-decay involving antitachyon with  in the initial state

•  decay with scalar Yukawa: the S matrix element is Lorentz covariant

E < 0 E > 0
1 → 2 E < 0
2 → 1 E > 0
1 → 2

→iM × δ(4)(Pi − Pf ) =

This S matrix element lacks phase space of the final states to be an observable.

Moreover, there is no Lorentz covariant operator, which transforms  to   RP is not covariant.


Restriction to only the positive energy states changes decay to scattering in non-covariant way.  
To restore it, one could average over the initial tachyon states as well - but this is a non-
determinism, which is different than in ordinary QM, where we can prepare the initial states.

Γ σ →
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Reinterpretation principle 

This S matrix element lacks phase space of the final states to be an observable.

Moreover, there is no Lorentz covariant operator, which transforms  to   RP is not covariant.


Restriction to only the positive energy states changes decay to scattering in non-covariant way.  
To restore it, one could average over the initial tachyon states as well - but this is a non-
determinism, which is different than in ordinary QM, where we can prepare the initial states.

Γ σ →

Mrówczyński 1983Already noted in
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Scattering in QFT
Weinberg QFT 1

|ψ⟩ = Ω− |ψin⟩ = Ω+ |ψout⟩

|ψin⟩ |ψout⟩

Ω± = limt→±∞ eiHt e−iH0t

X
ScatteringFree evolution Free evolution

Hamiltonian is approximately free at early and late times.

Connect an interacting field to the free one by unitary transformation (like in QM).

Moller operators

S matrixS = Ω†
+Ω−

Haag’s theorem Haag (1955), Hall, Whightman (1957)


for infinite number of generators, the canonical commutation relations do not have a unique (up 
to isomorphism) irreducible unitary representation.

 Moller operators are not unitary→

States evolve with , operators - with 

Strong limit (operator norm).

H0 V = H − H0

In/out states via interaction picture

Two ways out: 1) Does Haag theorem apply to regularized theories? 2) Don’t split , construct 
exact eigenstates using interpolating field , which has some overlap with 1PS (Haag-Ruelle, LSZ).

H
̂ϕ



WLOG we can assume the first term is already TO. The first equation assumes  is covariant, 
while the second uses microcausality. This establishes each term in DS is LI (note  is LI).

H
d4x

41

• i) via Dyson series from QM
• The S matrix properties 

• Lorentz invariance

• unitarity

• cluster decomposition property

For subliminal particles, S matrix is LI since  for  and the same 
holds after replacing ,     any local operator  preserves causality.  
In particular,  and the S matrix defined by the Dyson series is LI.

[ϕ(x), ϕ(y)] = 0 (x − y)2 < 0
ϕ → ϕ† ϕ → ∂μϕ ⟹ O(x)

[H(x), H(y)] = 0

(1)

Time ordering is not-well defined for space-like 4-vectors unless fields commute  
Drop it? Then DS does not solve (1)

Microcausality

Computing the S matrix

U(Λ) H(x1)…H(xn) U(Λ)−1 = H(Λ(x1))…H(Λ(xn)) = TH(Λ(x1))…H(Λ(xn))

Dyson series is not LI for tachyons which violate micro causality. Feinberg, Phys. Rev. 159, 1089 (1967)
Dhar and Sudarshan 1968



• via LSZ formalism
Assume there is a vacuum state  and an interacting  
tachyon field  that satisfies the following conditions:

|0⟩
ϕ′￼(x)

1. 

2. 

3. For any normalizable states , :   

⟨0 |ϕ′￼(x) |0⟩ = 0
⟨k |ϕ′￼(x) |0⟩ = eikx θ( | ⃗k | − m)

|α⟩ |β⟩ lim
t→±∞

⟨α |ϕ′￼(x) |β⟩ = Z ⟨α |ϕfree(x) |β⟩
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This means the field  “interpolates“ between in/out states. 
Also note that (3) is limit in the weak sense (contrary to Moller operators).  
In particular, for nontrivial interactions  and

.

ϕ′￼(x)

Z ≠ 1
lim

t→±∞
⟨α | [ϕ′￼(x), ϕ′￼(y)] |β⟩ ≠ ⟨α | [ϕfree(x), ϕfree(y)] |β⟩

Computing the S matrix

LSZ asymptotic condition - in/out states

Spectral representation for interacting field shows that it creates not only 
one-particle states, but also a continuum of multi-particle states.



Computing the S matrix
• via LSZ formalism

Assume there is a vacuum state  and an interacting  
tachyon field  that satisfies the following conditions:

|0⟩
ϕ′￼(x)

Then, one can compute the S matrix elements via the LSZ reduction formula

i) Time-ordered correlator functions have a corresponding pole structure, with a 
Feynman propagator factor giving poles for on-shell particles. 
ii) Field  always creates or destroy a particle near a point, while  
creates both single-particle and multiparticle states. Due to (3), we can project 
out the single-particle states by looking at the residues of the appropriate poles.

ϕfree(x) ϕ′￼(x)
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1. 

2. 

3. For any normalizable states , : 

⟨0 |ϕ′￼(x) |0⟩ = 0
⟨k |ϕ′￼(x) |0⟩ = eikx θ( | ⃗k | − m)

|α⟩ |β⟩ lim
t→±∞

⟨α |ϕ′￼(x) |β⟩ = Z ⟨α |ϕfree(x) |β⟩
LSZ asymptotic condition - in/out states



LSZ-like S matrix
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For any states , : |α⟩ |β⟩ lim
t→±∞

⟨α |ϕ′￼(x) |β⟩ = Z ⟨α |ϕfree(x) |β⟩

This holds if the following limit vanishes  
(overlap between the vacuum, interpolating field, and multi particle states asymptotically vanishes - localization)

Coleman, QFT lectureslim
t→∞ ∫

d3 ⃗k
(2π)3

Standard proof of LSZ asymptotic condition does not work.  
 just assume it, then the LSZ-like formalism may be possible. →

Plane waves are non-localized, non-regular solution of KG. Consider wave packet 
 with compact support. f̃(p) ≡ F(p)

1/ω ⃗k = 1/ | ⃗k |2 − m2 is not analytical, not bounded, not integrable.

⇏⇏ and We need the latter to use 
the Riemann-Lebesgue lemma.

Note that



Conclusions
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• Although tachyons are well-motivated, their quantum description is problematic.

• the CCRs are not satisfied if covariance is satisfied or quantum tachyon field is 

not covariant; in both cases, off-shell two-point TOCF is not LI

• Sudarshan-Dhar FP violates unitarity 

• LSZ condition cannot be proved by replacing plane waves with wavepackets


• The Sudarshan’s reinterpretation principle is either non-covariant or it means that one 
cannot prepare the initial tachyon states - different non-determinism than in QM.


• Our results confirm that tachyons in Minkowski space are instabilities, instead of 
particle-like objects that can be physical superluminal observers. 

Dhar and Sudarshan 1968
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Dziękuję!

Thank you!

감사합니다



Are tachyons just a curiosity?
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Dragan and Ekert admitted that completeness of QPR 
has not been established so far, and that the reasoning 
leading to probability amplitudes from relativity only 
employed subluminal observers.

 At present, QPR cannot be considered   
as a full-fledged physical principle.


 The potential connection to the Higgs 
mechanism also motivates our work 
(permanently closing on tachyon QFT).

→

→

Moreover, fields are the fundamental dof., 
while QM is formally a QFT in 0+1 
dimensions. Comprehensive analysis of 
the latter (1+3) for tachyons has not 
been done.

Dragon, Ekert “Reply to the comment on "Quantum principle of relativity"”  2309.00020



Are tachyons just a curiosity?
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Pauli equation is Galilean invariant  
and predicts .g = 2
Lévy-Leblond ’67 “Nonrelativistic particles and wave equations” 

Dragon, Ekert “Reply to the comment on "Quantum principle of relativity"”  2309.00020
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Are tachyons local objects?
Φ̂(x) = ∫ ⃗k >m

d3 ⃗k
(2π)3 2ω ⃗k

(e−ik(x−y)ak + eik(x−y)a†
k )

Can one send information superluminally using tachyons?


Feinberg claimed it is not possible, since the plane-wave basis does not contain the 
 modes, hence, it is incomplete. We give a rigorous proof instead. | ⃗k | ≤ m

   Paczos et al. (Phys.Rev.D 110 (2024) 1, 015006)

Feinberg, Phys. Rev. 159, 1089 (1967)
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Are tachyons local objects?
Φ̂(x) = ∫ ⃗k >m

d3 ⃗k
(2π)3 2ω ⃗k

(e−ik(x−y)ak + eik(x−y)a†
k )

Actually, this is a statement about KG solutions in position space - and not about 
tachyons - since the Paley-Wiener theorem also applies to a subliminal scalar.

Indeed, the FT of any regular solution to the KG satisfies 

Dereziński Lect.Notes Phys. 695:63-143, 2006

For both subluminal/superluminal scalar,  
solution to the KG field cannot be analytical  
since it has a singularity at complex/real momentum


, st.  . For superluminal scalar, 
we excluded this pole, but then different problem 
remains: analytical function cannot vanish on 
a compact set.

⃗k ⃗k ⋅ ⃗k = ∓ m2
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Reinterpretation principle 
• The Lorentz invariant phase space for N final state particles with  isE > 0

•  decay: decay width (which is defined in the rest frame and is not LI)


•  inverse-decay (which is LI)

1 → 2

2 → 1

dQN = δ(4)(Pi − Pf ) ×
1

(2π)3N−4

N

∏
i=1

d3pi

2 p2
i + m2

i

• To make  decay rate LI, we need to average over the initial state too - additional 
integral over the phase space of the initial particle


• Non-example: thermal relic freeze-out from plasma in the early Universe due to         
decays and inverse decays

1 → 2

Can’t prepare the initial state? This is a different non-determinism than in QM.

 behaves as  
time-component of a 4-vector

 is scalar since it gives 


the number of interactions

1/Γ

σ
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Is optical theorem satisfied? 

are incorrect but the final expression in Eq. 16 is correct

(8)

(9)

(10)

Tachyons and the SM?
Paczos et al. 2407.06640
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For subliminal observers, boosts preserve each sheet, while for superluminal observers, there is only one sheet.

We show that  for a boost  and a time-like .

Sufficient to show that , since .

(Lx)0 ≥ 0 L x
|L0

i xi | ≤ L0
0 x0 (Lx)0 = L0

0 x0 + L0
i xi

This holds since  .


We used , and CS inequality.

(L0
0x0)2 ≥ ∑

i

(L0
i)

2 × ∑
i

(xi)2 ≥ (L0
i xi)2

x2 = (x0)2 − xixi > 0

 preserves  
the scalar product:
L

Mass shell: p2 ∓ m2 = 0

m > 0

(L0
0)

2 = 1 + ∑
i

(Li
0)

2

ημνLμ
λ Lν

λ′￼
= ηλλ′￼

= 1 + ∑
i

(L0
i )

2

a) Two (disconnected) sheet hyperboloid b) One sheet hyperboloid

E ⃗p < 0

E ⃗p = | ⃗p |2 − m2 > 0

E ⃗p < 0

pz = 0

E ⃗p = | ⃗p |2 + m2 > 0

| ⃗p | ≥ m

px

py

px

py


