Physics Letters B 832 (2022) 137231

Contents lists available at ScienceDirect

PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

L))

Check for
updates

Vacuum Cherenkov radiation at finite temperature

R. Bufalo®*, A.F. Santos

@ Departamento de Fisica, Universidade Federal de Lavras, Caixa Postal 3037, 37200-900 Lavras, MG, Brazil
b Instituto de Fisica, Universidade Federal de Mato Grosso, 78060-900, Cuiabd, Mato Grosso, Brazil

ARTICLE INFO ABSTRACT
Article history: In this paper we examine the thermal effects of the vacuum Cherenkov radiation in a Lorentz- and
Received 9 May 2022 CPT-violating electrodynamics. We compute the thermal contribution to the Cherenkov radiation rate

Accepted 5 June 2022
Available online 9 June 2022
Editor: N. Lambert

within the Thermofield Dynamics approach. Since the model under consideration possesses a consistent
canonical quantization and also fulfills the physical constraints in order to this vacuum process to
happen, it is a perfect candidate to implement the study at finite temperature. We evaluate in details the
instantaneous rate of energy loss for a charge, and show that the radiation rate is significantly modified
at very high temperatures. Intriguingly, we further observe that when the temperature goes to infinity
the radiation rate goes to zero even if the process is kinematically allowed.
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1. Introduction

Models involving Lorentz violation have reached an important milestone in recent years due to its systematic development and to
the increasing number of precision tests they have been subject [1,2]. A richer context offering valuable prospects about departures from
Lorentz symmetry, and making contact with the so-called Physics Beyond the Standard Model, is the anomalous decay processes [3]. Since
they are affected in unexpected ways by Lorentz violation, it might happen that forbidden processes can occur in certain regions of the
parameter space [1,4].

In this scenario, models involving instabilities of photons in vacuum have caught interest in recent years because sufficiently energetic
photon (usually from gamma-ray bursts) may decay as a manifestation of Lorentz violation [5-7]. These instabilities of highly energetic
particles are, in general, related to manifestations of Lorentz violation. A phenomenologically important anomalous decay process, in the
framework of Lorentz violating photons, is the emission of vacuum Cherenkov radiation, a significant energy loss process for high-energy
particles [8-10].

Many aspects about the possibility of vacuum Cherenkov radiation by Lorentz violating effects have been extensively discussed in the
framework of the Standard-Model Extension (SME), within the classical approach to electromagnetic particle radiation [14-18], as well
as in the field theory [9,10,19,20] and also in the Lifshitz-like electrodynamics [21]. However, to the best of our knowledge no study
of vacuum Cherenkov radiation has been performed in the presence of a thermal bath. Since it is well known that physical systems
behavior can drastically change due to the presence of thermal effects, one can naturally ask in this context: can temperature effects
change significantly the emission of Cherenkov radiation in vacuum, by enhancing the radiation rate or even by prohibiting it to happen?
In order to address these and other questions we will approach the vacuum Cherenkov radiation in terms of the Thermofield Dynamics
formalism.

Along Matsubara’s imaginary time formalism and Schwinger-Keldysh closed time path method [22-24], the thermofield dynamics
formalism [25-28] is one of the most important approaches to describe finite temperature field theory. The key feature of the thermofield
dynamics method is that the Fock space is doubled, then you have a new set of operators, designed tilde operators, acting on the second
Fock space, tilde space. Physically speaking, the second Fock space is interpreted as a heat bath that ensures the dynamical system to
stay in equilibrium. In addition to the duplicated space, another fundamental element of this formalism is the Bogoliubov transformation.
This transformation consists of a rotation between two spaces, original and tilde, which introduces the thermal effects. On the algebraic
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aspect, the most appealing advantage of the thermofield dynamics method is that you can carry out analysis and calculations of scattering
amplitudes and decay processes exactly as in the case of T =0 field theory.

Hence, since finite temperature effects have profound implications in the study of high energy physics, we will examine the behavior
of the vacuum Cherenkov radiation within a well known CPT- and Lorentz violating electrodynamics in the presence of a heat bath. We
start Sec. 2 by reviewing the main aspects and definition of the CPT-violating electrodynamics, where the fermionic sector is the standard
Dirac Lagrangian, while the photon sector is modified by terms belonging to the minimal sector of the SME. Moreover, we establish
the modified dispersion relations and polarization states for the photon field. We discuss in Sec. 3 the features of the vacuum process
e~ — y + e~ at finite temperature. First, we present in details the calculation of the transition amplitude at finite temperature related
with the vacuum Cherenkov decay within the thermofield dynamics framework. Furthermore, we compute the rate of radiated energy at
the high-temperature regime and analyze how the thermal effect changes the T = 0 results. In particular, we discuss how the energy of
the thermal bath can prohibit the Cherenkov decay to happen even if it is kinematically allowed. In Sec. 4 we summarize the results, and
present our final remarks.

2. CPT-violating electrodynamics

It is well known that ordinary Cherenkov radiation can only occur for particles propagating in a medium, since a Lorentz-invariant
vacuum prevents it by energy-momentum conservation [11,12]. However, some Lorentz violating scenarios provide sufficient instabilities
so that particles can radiate through the Cherenkov process even in vacuum [8,13].

In this context, we choose to conduct our analysis at finite temperature in a well-behaved model where this vacuum decay process
is known to happen at zero temperature. Moreover, we focus in modifying only the radiation sector with a minimal deformation and
preserving the matter dynamics. Hence, we shall review in this section the main aspects involving the following Lorentz- and CPT-violating
Lagrangian density [19]

L=_Ly+La, (1)
with the standard fermionic field Lagrangian
Ly =1 (i§ —ied +m)y (2)
and
1 v, Lo gy L2 1 2
llA:—‘—lF;wF“ +EI<AF€;<MWA F* +§myAMA“—E(8MA“) (3)

is the photon Lagrangian that belongs to the minimal sector of the SME. Here k% is an arbitrary fixed background vector, m, is the
photon mass and £ is a gauge parameter.

There are a number of well known studies of the vacuum Cherenkov radiation for the model (3) for the case of spacelike k% [8,10]
and also for purely timelike k% [19]. We shall focus our analysis at finite temperature for the timelike case, and present some remarks
about the spacelike model.

It is important to emphasize that the presence of the photon’s mass m, in (3) is related with the fact that for timelike k%, the
photon’s dispersion relation is tachyonic (leading to an unstable theory), and this (small) mass term circumvents this problem [29,19]. It
is important to stress that this mechanism does not violate any experimental observation [19]. Hence, from the field equations the full
dispersion relation for the photon is cast as

(b2 —em2) (b2 —m2) [(p2 —m2)’ 44 (ep? — kar - p)z)] =0, (4)

From this expression we can immediately determine the polarization states e%a) (p), which we assume to depend on the spacelike three-
momentum. The first ones we consider are

- - (p-kar)
cOn (P) = Nop*, O (p) =Ns3 (ICZF _ m_szu , (5)
Y

where No 3 are normalization constants, and we have assumed m;, > 0. Now, under the consideration that kﬁF is timelike (EAF =0 and
k9 > 0), the modified modes are given by

2 =22
wp = [p|" + i, (6)
where we have defined
pi =m2 £ 2k% ¢ |p|. (7

We can observe from eq. (6) that in order to always have wéi)z

my ~ kOAF). One solution to eq. (6) reads

> 0 it is necessary that m, > k%F (see that problems can arise when

0

1,,2 =313
@ @) =N [ PP TP P, (8)

2_3l '11)3"
p*p? Fip!|p|
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where N4 are normalization constants, and that kar - kar > 0 and I?AF = 0. These physical modes €® shown in eq. (8) are in general
spacelike and exhibit birefringent behavior (crucial for the vacuum radiation to occur, see discussion below).

As a matter of fact, the dynamical constraint for the Cherenkov radiation to happens requires that the fermion group velocity v should
be greater than the photon phase velocity v,y for some values of the three-momentum in medium materials [11], but also for Lorentz-
violating vacua [14-16]. This can only be achieved in this model by the state €(~), because that for sufficiently large three-momentum the
photon four-momentum is spacelike (see eq. (6)) and therefore vy, is subluminal, satisfying the above criteria.

Before proceeding to the evaluation of the thermal contribution to the Cherenkov radiation rate we shall review in the next section
some important aspects of the thermofield dynamics formalism useful for our development.

3. Cherenkov process at finite temperature
The quantum decay process related with the vacuum Cherenkov radiation is described by

e (q,s)—e (@, 1) +y(p,sy), (9)
which corresponds to an initial particle with momentum and spin (g, s;), decays into a particle (q’,sy) and emits a Cherenkov radiation
(p, A), where (s;, s¢) are the spin of the initial and final particles, respectively, while A is the polarization of the radiation.

Since our main objective is to evaluate the energy loss associated with the vacuum Cherenkov scattering at finite temperature, let us
review some general results necessary for the development of this analysis [9,10,21]. The energy-momentum loss of a Lorentz invariant
charged particle per unit of time is equal to the photon four-momentum p weighted by the scattering amplitude squared and integrated
over the phase space,

dt

where Dp is the phase-space invariant measure. The rate of total radiated energy is obtained from the time component of the above
expression.
Thus, in the leading order at the CPT- and Lorentz-violating parameter kOA r» the rate of radiated energy can be expressed as

dgt
i=/Dp M2 pH (1e)

W= ~do = [ podr. (1)
where dI' is the differential decay rate for the given process and can readily be obtained [30]
1 d3p d3q’ 1
dr(g) = 2m)* —4am? @ +p—9= Y IMPB) 12
(B) = @) 5 4 o3 s Gy @ TP 93 > IMB)| (12)

spins

Here the normalization factors are chosen accordingly for bosonic and fermionic fields, and we have averaged initial spins and summer
over final spins. Observe in eq. (12) that the temperature effects are solely contained in the transition amplitude M (8).

Since we wish to evaluate the radiation rate through the differential decay rate (see eq. (11)), the main object to compute in this
analysis is the transition amplitude related with the vacuum decay process e~ — e~ + y. We shall review, in the next section, the main
aspects of the thermofield dynamics approach for the evaluation of the transition amplitude [26-28].

3.1. Thermofield dynamics

We formally define the transition amplitude at finite temperature M(f8) as

MB) = (f.BISIi, B), (13)
where the S-matrix is given

o0

§= Z Sl fdxldXZ ce-dxp T I:él(xl)él(xz) . "él(xn)] , (14)

n!
n=0

with t being the time ordering operator and

Li(x) = L1(x) — L1(x) (15)

describes the Lagrangian interaction part in the doubled notation of the TFD formalism. In this approach, the thermal states of the process
e~ (q) — e~ (q) + y(p) are defined as

li, B) =ch 5, (B)IO(B)),
1f. B =a}(B)c , (BIOB)), (16)

with cg (B) and a;r, (B) being the creation operators for fermions and bosons, respectively.
At the tree level, the S-matrix (14) becomes

S= —i/d4x (L,(x) - r:,(x)), (17)
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thus the transition amplitude is given as

w(8) =1 [ {0 |an(Brcq.s, B)(£100 = £100)cho ] 0(8). (18)
One can read from the Lagrangian density eq. (2) the photon-matter coupling

L) =—iehy" v Ay, (19)

L(x) = —ieyy iy A,. (20)
Hence, the amplitude (18) can be written in a simple fashion as

M) = e [ d'x M @Ma) + ¢ [ ax T Fa(h) 1)
with the definitions

Mi(B) =(0(8)|w e 5, (B |0(8)). (22)

Ma(B) =(0(B)|ap (B)cq.o; (BIT X0y A, (0 |0(8)). (23)

S (s =(08)| i ch 5, B |0s)). (24)

Fo(8) =(008)|ap (Brcq.o, (BT 00y A0 |0(8)). (25)

It is interesting to remark that eq. (21) displays explicitly the doubleness of the Fock space related with the TFD approach.
In order to calculate these matrix elements separately, we shall consider the (doubled) fermion field written as

Y (x) = Z/ (27)3/2 Np Cp, sus(p)eilpx+dIz,sVs(p)eipx], (26)

io=3 [ ﬁ Ny [Ep.sils (e +df s (pre =] 27)

where N is the normalization constant and u4(p) and v (p) are Dirac spinors, and we have the (tilde) conjugation operation ii(p, s) =
uf(p, s) [26-28]. In addition, the photon field in terms of Fourier modes is given by

d3k

A= | Grp

Z 29 (a kel (e ** 1+ a* ey e (k)e”‘"‘) , (28)

with eg ) (k) being the polarization vector of the physical polarization states.
Using the fermionic field, the first matrix element eq. (22) becomes

d3 .
18 =3 [ o N0 |epach (Brurpre ™0 (29)

We observe that for fermions, with the operators CI,,S and cp s being the creation and annihilation operators, respectively, the Bogoliubov
transformations lead to the relations (analogous relations hold for d and d') [26-28]

Cp,s =C€0OSOp Cp s(B) +ising, EL,S(,B), (30)
CI,'Szcost CL,S(ﬂ) —isinfp ¢, 5(B), (31)
Cp,s = €080y Cp s(B) —isindy CJ{,’S(,B), (32)
&b s = cosy Eh s(B) +isinbp cps(), (33)

with
sin® 6, =1/(1 + eP°) =ng(p),
cosdp = ePPo/2sing, (34)

where ng(p) corresponds to the Fermi-Dirac distribution, and we have also assumed, by simplicity, the chemical potential to be zero. The
(equal time) anti-commutation relations for the creation and annihilation fermionic operators at finite temperature are given by

[ers®.chr®) =858 -0, [.58).80r8)] =158 — ), (35)
and other commutation relations are null. On the other hand, for bosons, the Bogoliubov transformations are [26-28]

4
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ap = cosh 6y ay(B) + sinh6, b (), (36)
al, = cosh6, a () + sinh 6, &, (), (37)
dp = cosh 6, a,(B) + sinh 6, ah (), (38)
Zz;r, = cosh6, &I,(/S) + sinh 6y ap (B), (39)

with
sinh? 6, = 1/(ePP0 — 1) =np(p)
cosh6), = ePPo/2 sinh Op, (40)
where ng(p) corresponds to the Bose-Einstein distribution. The creation and annihilation operators satisfy commutation relations
[a@rd@]=s6-0.  |G®.d®)]=si-p, (41)

and other commutation relations are null.
Applying the Bogoliubov transformation (30) for ¢ s in the matrix element M1 (B8) (29), we get

d3 .
M1 =3 [ s No{00B) <oty (B1ch By pre

0B)). (42)

We can solve eq. (42) using the anti-commutation relation (35) and performing the momentum integration, so that we obtain

M (B) = N cosqus, (q)e "9, (43)

Moreover, we can evaluate the matrix element (23) by substituting the fermion and photon fields
A d’k Tos ikx = —ikx | .,
Ma(B) = 0|y By, (B Y | sz e el e (0™ - dis7soe™ ] y
r

a3k

* ] @n)

1 ’ ! 1 ’ 7 a1
Z o (ax (k/)é;(f )(k/)eflk X gh T(k/)e,*ﬂ )(k/)ezk ~x)
A 0

0B)). (44)

This expression can be solved by applying the Bogoliubov transformations for fermion and bosons and using their respective commutation
relations, resulting in the following expression

d3k a3k 1

Ma(B) = @i k W%

(0(’8) ‘6(12 — ') cos Ol eyt e (k)3 (k' — p) cosh e~

0(p)). (45)
At last, performing the integrals over the momentum variables k and k' we find

Ny _ o
Ma(B) = z_qx cos 6 cosh O, (q’)y“e}im (p)e'@+px, (46)
Py

The remaining parts of the amplitude (21) can be readily evaluated by performing similar steps as those presented above. Hence, the
tilde parts are found as

Mi(B) = iNg sin i, (q)e ™% (47)
and
'vi ~NCI’ ; ; ~ INay (L) i(q'+p)x
MZ(ﬂ):_lﬁ squ/smh@pusf(q)y €, (p)e . (48)
0

Finally, in terms of the results eqs. (43), (46), (47) and (48), the transition amplitude (21) becomes

Ly N N/
M(B)=—e / d*xe'@ “’_‘”"% €0s 6 cos 6y cosh 6 u, (q)ils, (q/)y“e,*f” (p)
p

0
Ly NyN, =~ ~
+e / d*xel@ +p_q)"% sin 6 sin 6y sinh 6, s, (q)ls, (q’)y“e,ﬁ(’\) (p). (49)
Py
The integration over x expresses overall four-momentum conservation
/ dxe 1@ "Px = 5%(q —q' — p), (50)
which will be omitted in the calculations that follow. Hence, the expression (49) is simply written as follows
eNgNg' 1«0 . . ) _ o,
M(B) = —Wy € (p)[coseq cos Oy cosh ), — sinfy sinfy smhep] us(q)us(q), (51)
0

5
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where we have made use of the tilde conjugation operation mentioned before. One can observe that the expression (51) has the same
structure of the usual one at T =0, and that the temperature effects are contained in the trigonometric factors. These temperature factors
will be easily expressed in terms of the Fermi-Dirac or Bose-Einstein distributions in the following analysis.

In order to calculate the differential decay rate eq. (12), the main quantity that must be calculated is the modulus squared of the
transition amplitude,

1 2_1 *
3 2 MBI =23 MBIMB). (52)

spins spins

Moreover, in terms of the result (51) and also the completeness relation Y, ur(p)ir(p) = £ p+m

2 2
S IMBP = tr[”+ yre O A DA, “eé”(p)]
8 w Eq—p 2m

, the last equation takes the form

2m
spins q

x [cos 6 c0s 6y cosh 6, — sin 6 sinfy sinh6, ], (53)
where we have used N, = ,/m/E, with the fermionic dispersion relation E, = +/p? 4+ m?2, also we are explicitly using that only the

polarization state €= eq. (8) provides the necessary condition to this Cherenkov decay process to happen.
Furthermore, we can express explicitly the thermal effects in (53) by considering the relations (34) and (40), which allows to obtain

=)
[cos 6 cos O cosh6), — sin 6 sinfy sinh 9,,]2 =1 =np@) (1 -nr(@q)) (1 —ePop ) ) (54)
Hence, using this result into (53) and also evaluating the trace over the y matrices, we arrive at
1
- Z IMPB)P = ———— <2q“q +¢'p" —q"p” + - n’” ) e ey (p)
spms EqECI—P

1 1 )
_p—Bo
X (1 ~|—€7’SE‘7) (1 ~|—€*55q—p> (1 e P ) (55)

This expression can be worked out into its final form. Thus, after some algebraic manipulations, using the explicit form for the state
€ (p) (8) (as well as its normalization condition and orthogonality p“e/(}) (p) =0), we are able to rewrite it as

1 ~9 . 1 -
S IMEP =S (|q|2sm20 - 5my +I<%F|p|)
P EqECl*P

spms
1 1 (=)
_ B0 )
X<1+e—ﬂ54)<1+e—ﬂfw><l e ) (56)

here @ is the angle between ¢ and p.

With this development of the transition amplitude (56) we conclude our analysis in regard of describing the temperature effects within
the thermofield dynamics. The remaining part of the analysis consists in evaluating explicitly the power radiated by the charged particle
in terms of (11) and thus determine the thermal effects of the vacuum Cherenkov radiation rate.

3.2. Radiation rate

Now that we have computed the transition amplitude (and its modulus squared) related with the Cherenkov decay in a thermal bath
within the thermofield dynamics, we can finally evaluate the radiation emitted by the charged particle. It is worth mention that we shall
focus our attention in the instantaneous rate of emission, in which the charge emits a single energetic photon, drops below the Cherenkov
threshold, and stops emitting [15].

Furthermore, by calculation purposes and to make the reaction kinematics visible, it is convenient to express the integration over the
variables ¢’ in (12) as

d*q’ 4 s /N2 2 /
/ o= [ atas (@2~ £2) 0 (ar)- (57)

Hence, the total radiation rate at finite temperature W (8) eq. (11), using the above identity, is cast conveniently as

d3 2 2 1 2
wipy= 1 [ 225 (q-p2 )o@ L XM (58)

E
4 spins

In this case, the energy-momentum conservation for the e~ — e~ +y decay (shown in the delta function of eq. (58)), implies the following
relation

m2 — 20, 5] — 2/ [ +m2 — 26, [3]y/]a[* +m? +2[d] 3] cos6 =0, (59)

One can immediately recognize that the removal of the CPT- and Lorentz-violating effects, through the limit k(}‘F — 0, implies cos6 =1,
which results in a vanishing radiation rate for the Lorentz invariant QED.

6
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The energy conservation (59) can be used to arrive at the radiation condition for the vacuum decay process. Hence, from the relation
(59) we observe that for finite values of the parameters (ng, mf,, m2> # 0 there is a region in the phase space where cosf < 1, even in
vacuum. This radiation condition corresponds to the availability of a physical phase space for the anomalous decay to happen, and it also
corroborates the kinetic condition discussed above.

Furthermore, the energy balance condition requires that the allowed values for the momentum p are only those such that the relation
(59) is satisfied for a given value of §. This observation corresponds to the fact that the integration over 6 restricts the region of integration
over p in (58). Hence, we conclude that the condition cosé € [—1, 1] restricts the magnitude of the photon momentum p to the values

0 F2 12 (5] _ 130 2 0 0 |7 1
KGrEg + 3m3, |q] — 3kGpms, + Eq\/(kAFEq)2 — K% p || m2 —mZm2 4 jm}

4
p+= = 5 . (60)
m? +2 |G| k3 — (k)
It is interesting to observe that the positivity of the square root present in (60) implies the condition'
2 2 0 )2
m?, 4 2m,/m2 — (k%)
P Y Y AF
4| > = Gmin- (61)

0
2Ky g

This bound is extremely important because it corresponds to the momentum threshold (i.e. ¢ > qujn) for which the incoming fermion
starts to radiate. Actually, for smaller values, the radiation rate is strictly zero.

With this development, we can finally evaluate the expression (58). Hence, making use of spherical coordinates, the total radiation rate
(58) becomes

Py ! = ) 2
2m?2 1 d 2Kk0 + 2w, 'Eg—m
W(ﬂ):e m - 2/ (_Ijzp /dcos@é cosf — AF|p| — pﬁ a Y
327 (6| EG ) wp?Eqp ), 2(d|[p|
1 1 1 -)
=22, 19 0 |2 _ o—Bwy )
x <|q| sin® 6 2m,,+kAF|p|>(]Jre_ﬁEq)(]Jre_ﬂEH)(l e (62)

and by performing the angular integration in 6, we obtain

P+

W(ﬂ)_ezm2 1 1 / dp
=50 i 17 e ) |
p_

g‘Z*P

27 2

1 )
_ o hw
* <1+e*55qu)(l eer). (63)

where we have defined &;_p = \/qz +p? - Zk%F |13| - Zw;_) Eq+ m)z, +mZ2. One straightforward result seen from (63) is that at the zero
temperature limit T — 0 (8 — oo) the thermal factors go to

1 1 )
_ e Bo
(1+e‘ﬁ5q> (1+e—ﬁgqu> (1 e >_) L (64)

which corresponds to the standard result at zero temperature. On the other hand, we observe that the vacuum Cherenkov radiation is
modified at very high temperatures. Interestingly, when the temperature goes to infinity, i.e. T — oo (8 — 0) in (63) the thermal factors
now behave as

1 1 =)
_e B
(l + e‘ﬁ5q> (1 + e—ﬁgq—p> (1 e’ ) -0 (65)

Therefore, there is a (threshold) finite temperature By, where the vacuum Cherenkov decay disappears, where the charge simply stops
radiating. This condition can be interpreted as the energy of the thermal bath prohibits the decay to happen even if it is kinematically
allowed.?

The integration of (63) is not longer an easy task, as it happens in the zero temperature regime, due to the presence of the thermal
distributions. However, we can evaluate the radiation rate at the high-temperature limit, i.e. BE « 1, and also at some asymptotic regimes
in |g| which lead to

_ 1 ,\% 1
x (quz - (k%Fp—i-wé JEq — —m2> — —m)z,p2+k%Fp3)

/ 2
mf/ —2m mf/—(ng)

1 The other constraint |g| < 0
AF

10727 GeV and k5 < 10743 GeV [19].
2 There are some cases even at zero temperature that the radiation rate is vanishing even then it is allowed by Lorentz-violating kinematics [13].

has been ignored, since it becomes negative under the consideration that m > m, > kS, this follows because m, <
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240 m2_
e2m? P kar (1““(2”% )) m?
W ()~ | G4 q C A7 (66)
o2 ﬂ(Zko +3m)m,, m2
1287‘[%)’ qmil’l<q<kT'
AF

We can immediately observe that both regimes give a temperature dependent radiation rate: the higher energy rate (at q > IZ"O—Z) decreases
AF

faster as the temperature increases due to the B2 factor, until it goes to zero at the threshold temperature fBy,. It is curious to notice
that the thermal effects have changed the momentum g dependence of the radiation rate: we have found that at finite temperature both
behave as 1/q, while at zero temperature the rate at the low-energy and high-energy regime have quadratic and linear dependence on g,
respectively [19].

One last remark that we would like to present is about the case of spacelike k’;F. Actually, the main differences of the present
analysis with the spacelike kﬁ ¢ case are the dispersion relations and related polarization states. Obviously, the radiation rate at the high-
temperature limit will be significantly modified, but our main conclusion still holds: there is a finite temperature where the particle
simply stops emitting radiation.

Hence, we believe that the present analysis we found interesting results and conclusions, elucidating some aspects of the anomalous
decays at finite temperature, and that the spacelike k’;F case would not provide any other physically relevant conclusion in addition to
those discussed here.

4. Final remarks

In this work we have studied the emission of the vacuum Cherenkov radiation at finite temperature. Since anomalous decay processes
possess unique signature of Lorentz violation, they are a suitable scenario to study phenomena beyond the standard model. In particular,
it is expected that the behavior of these novel phenomena can drastically change in the presence of a heat bath: one can naively expect
that it can enhance the effects or even prohibits them to happen. Hence, we have examined the rate of radiated energy from a charged
particle through vacuum Cherenkov within the thermofield dynamics approach.

In our analysis of the radiation emission at finite temperature we have considered a model of the minimal sector of the SME, where
this decay process is known to happen at T = 0, which corresponds to the CPT- and Lorentz-violating photon Lagrangian. We have revised
the main aspects of this model, focusing in obtain its dispersion relation and the respective polarization vectors. In particular, only one
mode a);) and e;([) of the photon field is responsible to engender instabilities in its propagation such that its phase velocity is subluminal,
and thus satisfying the kinematic constraint related with the radiation emission.

Since the thermofield dynamics formalism allows to compute transition amplitudes exactly as in the T =0 field theory, by doubling
the set of operators and its respective Fock space (where the second set acts like a heat bath), we have explicitly evaluated the scattering
matrix element related with the process e~ — e~ + y, showing in details how the temperature effects are incorporated. After some
algebraic steps, we arrived at the expression of the radiation rate (63). Due to the presence of the thermal distributions the remaining
integration does not possess a closed form, hence we evaluate it at some limits of interest:

e In the high-temperature regime SBE < 1 we have found that the thermal effects have changed the momentum ¢q dependence of the
radiation rate (in comparison with the zero temperature case);

e The higher energy expression (at q > ﬁ) is more sensitive to the temperature effects, due to the presence of the 82 factor, decreasing
faster as the temperature increases, until it goes to zero at the threshold temperature By ;

o Interestingly, one can straightforwardly observe from (63) that at the limit T — oo (8 — 0), the radiation rate expression goes to zero:
this can physically be interpreted as if the energy of the thermal bath (at some temperature threshold fBy,) prohibits the decay to

happen even if it is kinematically allowed.

In summary, we have explicitly shown how thermal effects can change the outcome of physical effects in an anomalous decay related
with physics beyond the standard model. Certainly, there are a number of anomalous phenomena that can have their known behavior
modified by the presence of a heat bath. Since tiny changes in electromagnetic wave propagation can be scrutinized from TeV photons
data (from extremely energetic astronomical sources), presenting itself as a phenomenologically rich environment, we shall focus in this
sector to examine further examples where the temperature can modify significantly the dynamics of the model.
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