
Pis’ma v ZhETF, vol. 116, iss. 9, pp. 577 – 578 c© 2022 November 10

Particle creation: Schwinger + Unruh + Hawking
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In this paper we discuss the connection of Schwinger
particle creation in the constant electric field [1, 2] with
the particle production in the Unruh [3] and Hawk-
ing [4] effects. For that we consider the combined ef-
fects, which involve simultaneously the Schwinger par-
ticle production and the other effects. These combined
effects demonstrate that the entropy and temperature
can be associated not only with the event horizons, as
it was suggested by Gary Gibbons and Stephen Hawking
[5], but also can be extended to the Schwinger effect.

The rate of the Schwinger pair creation is:

ΓSchw(M) =
dW Schw

dt
=

q2E2

(2π)3
exp

(

−
πM2

qE

)

. (1)

The comparison of Eq. (1) with the Unruh radiation
in the accelerated frame reveals the factor of 2 prob-
lem. The Unruh temperature is TU = a/2π, where a
is acceleration. In the Schwinger case the acceleration
in the electric field is a = qE/M , and ΓSchw(M) =
= exp(−M/2TU). The factor of 2 problem arises also in
the consideration of the Hawking radiation in the de Sit-
ter expansion, see [6] and references therein. Subtleties
in the tunneling approach to Hawking and Unruh radi-
ation see in [7–12]. Different scenarios of resolving the
above discrepancy between the Schwinger and Unruh
mechanisms see in [13–15] and references therein. We
consider the scenario somewhat similar to that in [14].

From Equation (1) it follows that the probability of
creation of particle with mass M+m and charge q in the
limit m ≪ M can be expressed in terms of the proba-
bility of creation of particle with mass M and the extra
term:

ΓSchw(M +m) = ΓSchw(M) exp

(

−
2πMm

qE

)

. (2)

The extra term can be described in terms of the Unruh
radiation in the accelerated frame:

ΓSchw(M +m) = ΓSchw(M) ΓUnruh(m), (3)

ΓUnruh(m) = exp

(

−
2πMm

qE

)

= exp

(

−
m

TU

)

. (4)

1)e-mail: grigori.volovik@aalto.fi

This is the coherent combined process in which the
charged particle with mass M is created by Schwinger
process. It moves with acceleration a = qE/M and plays
the role of the detector, which experiences the emission
of a neutral particles – the Unruh radiation.

The coherent combination of the several processes is
similar to the phenomenon of cotunneling in the elec-
tronic systems, where electron experiences the coherent
sequence of tunneling events: from an initial to the vir-
tual intermediate state and then to the final state [16].
In our case the virtual state is the state of the created
charged particle. Its motion with acceleration triggers
the creation of the neutral particle.

The combination of two processes in Eq. (3) – the
Schwinger creation of mass M and the Unruh creation
of mass m ≪ M – is similar to the combination of two
processes in the creation of pairs of Reissner–Nordström
(RN) monopole black holes in magnetic field [17]:

ΓBH,Monopole = ΓMonopole ΓBH, ΓBH = exp (SBH). (5)

According to [17], the instanton amplitude contains an
explicit factor corresponding to the black hole entropy,
SBH = A/4 in Eq. (5), where A is the horizon area. The
monopole pair creation is modified by the black hole
entropy and thus by the Hawking temperature.

The Hawking temperature can be derived by com-
paring the tunneling rate with the Boltzmann factor
[18–20]. The black hole entropy can be found [21, 22] by
comparing the tunneling rate with the thermodynamic
fluctuations [23]. The tunneling process is considered
as fluctuation, with the probability of fluctuation being
determined by the entropy difference between the ini-
tial and final states, w ∝ exp (Sfinal − Sinitial). In the
Schwinger process, the initial state is the vacuum with
zero entropy is zero. Thus the Schwinger entropy is neg-

ative, Sfinal ≡ SSchw(M) = −πM2

qE
< 0. The negative en-

tropy comes from the quantum entanglement between
the radiated particles [24, 25] and also between parti-
cles and quantum fields in the vacuum. Then the corre-
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sponding Schwinger temperature is also negative and is
opposite to the Unruh temperature:

T−1
Schw =

dSSchw

dM
= −

2πM

qE
= −

2π

a
= −T−1

U . (6)

The negative temperature is a well defined quantity, es-
pecially in condensed matter systems [26].

The description of the quantum tunneling in terms
of the thermodynamic fluctuation can be also applied
to the creation of two charged RN black holes discussed
in [17]. This is the triple cotunneling – the coherent se-
quence of three tunneling events. Adding the entropy of
two created black holes one obtains for the full entropy,
which determines the probability of creation:

SSchw(M, q) + SRNBH(M, q) + SRNBH(M, q) = (7)

= −
πM2

qE
+ 4πGM2 + 4πGM2 . (8)

Here it is assumed that qE ≪ G−1 ∼ E2
Planck. As a re-

sult, the total contribution to Eq. (8) is negative. We
also take into account that the entropy of the RN black
hole does not depend on charge q, which is due to the
correlations between the inner and outer horizons [22].
As in [17] (see also [27] and references in [28]), due to the
positive entropy terms in Eq. (8) the creation of pairs of
RN black holes is enhanced compared to pair produc-
tion of particles or magnetic monopoles with the same
masses and charges.

The sum rule for entropy in Eqs. (7) is also valid
for the inverse temperatures. The corresponding tem-
perature 1/T = dSfinal/dM describing the above three
processes of creation is:

1

T
=

1

TSchw
+

1

TBH
+

1

TBH
, TBH =

1

8πGM
. (9)

The summation law for inverse temperature is similar to
that for the black hole with several horizons [22], where
the temperature is expressed in terms of the Hawking
temperatures on different horizons.

In conclusion, it appears that the Schwinger pair
creation obeys the same thermodynamic laws as in the
black hole thermodynamics. The thermodynamics nat-
urally connects the Schwinger pair creation in electric
field with the Hawking radiation and with the particle
creation in the Unruh effect.
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