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Limits to the observation of Unruh radiation via first-quantized hydrogenlike atoms
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We consider ionized hydrogenlike atoms accelerated by an external electric field to detect Unruh radiation.
By applying quantum field theory in the Rindler space-time, we show that the first-quantized description for
hydrogenlike atoms cannot always be adopted. This is due to the frame-dependent definition of particles as
positive and negative frequency field modes. We show how to suppress such a frame-dependent effect by
constraining the atomic ionization and the electric field. We identify the physical regimes with nonvanishing
atomic excitation probability due to the Unruh electromagnetic background. We recognize the observational
limits for the Unruh effect via first-quantized atomic detectors, which appear to be compatible with current
technology. Notably, the nonrelativistic energy spectrum of the atom cannot induce coupling with the thermal
radiation, even when special relativistic and general relativistic corrections are considered. On the contrary, the
coupling with the Unruh radiation arises because of relativistic hyperfine splitting and the Zeeman effect.

DOI: 10.1103/PhysRevA.108.022807

I. INTRODUCTION

Accelerated detectors probe noninertial quantum effects.
Unruh and DeWitt [1-3] originally considered a single par-
ticle with acceleration « interacting with a scalar field via
monopole coupling. In the noninertial frame, the detector
reveals a thermal background [1,4,5] with temperature 7 =
ho /27 ckp, where c is the speed of light and kp the Boltzmann
constant. Similar descriptions have been used in more recent
works to describe accelerated atoms as Unruh-DeWitt detec-
tors [6-8].

More refined models, including a uniform external force as
a dynamical source for the acceleration, superseded the origi-
nal idealized description [9,10]. Furthermore, fully relativistic
detectors have been considered [1,11].

Here we study accelerated atomic detectors by first princi-
ples within the relativistic Dirac theory in curved space-time
for hydrogenlike atoms. In the nonrelativistic limit [12,13],
we outline overlooked relativistic corrections and fundamen-
tal subtleties such as the frame dependence of the particle
number.

Despite that the atom is initially prepared in the inertial
laboratory frame as a nonrelativistic bound state with a fixed
number of electrons and nuclear particles, in the comoving
accelerated frame, the energy and the number of the quan-
tum particles are different [13]. A single electron appears
as a superposition of states with varying energy and particle
numbers, and the electronic and nuclear structure is radically
modified. The frame-dependent nature of particles—at the
origin of the Unruh effect [4]—not only alters the background
electromagnetic vacuum but also the electron and nuclear
fields.

Such frame dependence poses limits to adopting the famil-
iar first-quantization description of the hydrogenlike atom in
its proper frame and brings up difficulties in understanding
light-matter interaction with noninertial observers. Lowering
the acceleration suppresses the effect on the electrons and
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the other nuclear particles; however, this may also suppress
the Unruh background electromagnetic vacuum, with the
consequent decrease in the temperature. For a nonvanishing
measurement of the Unruh effect, one needs an energy gap
AE such that AE < kgT. Hence the atomic spectrum must
have a sufficiently fine structure to absorb the low-energy
Unruh thermal photons.

Is it possible to suppress the frame-dependent effect on
the electron while still detecting the electromagnetic thermal
background? We give a positive answer to this question by a
rigorous analysis based on the quantum field theory in curved
space-time. Notwithstanding the suppressed frame-dependent
effect for electrons, hyperfine splitting provides the energy
gap to reveal the Unruh radiation. We identify a specific pa-
rameter region in terms of the nuclear charge number Z and
the electric field E for the detection via first-quantized atomic
detectors.

The paper is organized as follows. In Sec. II we use quan-
tum field theory in curved space-time to describe electrons
in inertial and accelerated frames and to show the frame-
dependent particle content of the field. The conditions for
suppressing such a frame-dependent effect are detailed in
Sec. III. In Sec. IV we discuss the atomic stability by studying
the interaction with the accelerating field and the nuclear
electric field. In Sec. V we investigate the physical regimes
to detect Unruh radiation, and we show that the relativistic
hyperfine splitting is responsible for the coupling between
the atom and the Unruh radiation. Conclusions are drawn
in Sec. VI. Detailed calculations and proofs are provided in
Appendixes A, B, and C.

II. ELECTRON FIELD IN INERTIAL
AND ACCELERATED FRAME

Throughout the paper we consider the following scenario.
We assume that the atom is ionized with one electron and

©2023 American Physical Society
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Z > 1 protons and that the electron is prepared in the lab-
oratory frame as a nonrelativistic particle. We consider a
uniform electric field £ = E é,, with E > 0, that produces an
acceleration « along &, such that « = (£ — 1)eE /M, with
e the elementary charge and M the atomic mass. Both the
nucleus and electric field E are treated classically, while the
electron is treated via quantum field theory of Dirac fields.
In this section we study the electron field in the inertial and
the accelerated frames, and we discuss the frame-dependent
particle content of the field.

The inertial laboratory frame (7,X) is defined by the
Minkowski metric 1, = diag(—c?, 1, 1, 1). By using the in-
teraction picture [12], we separate the free field theory from
the interaction Lagrangian. The free electron field in the
Minkowski frame 1/ (z, X) reads

2
J@e.5=Yy fR 3 dkluy (K, 1, %)65 (k) + vy(k, 1, B)d] ()],
s=1
(1

where és(l_é) and ﬁs(l_é) are annihilation operators for the par-
ticle and antiparticle with momentum k and spin number s.

J

ux(l_c', t,X) and vs(l_c', t,X) are the positive and negative fre-
quency modes such that

u(k, 1, %) = (2) 32 iobn+ikiy () (2a)

vy(k, 1, %) = (2) 2Ty (%), (2b)

with a)(lz) =+ (mc? / 1)? + c?|k|? as the mode frequency. The
spinors ﬁs(l_c') and D‘Y(Iz) are the orthonormal solutions of the
Dirac equations in momentum space:

- . mc -
[w(k)y" — kiy' — 7]&;(/@ =0, (3a)
>0 . mc |_ -
[w(k)y —kiyl+7}vs<k>=o, (3b)
il (k)iiy (k) = 0] (k)y (k) = 8y, (3¢)
il (k)vy (—k) = 0, (3d)

where y# are the Dirac matrices [12—14].

The comoving accelerated frame (7, X ) is described by the Rindler metric g,,, (T, X) = diag(—c2e?¥, 1, 1, **%), with a =
a/c?. We study the electron field by quantum field theory in Rindler space-time (see Ref. [14] for the details). The free electron

field ¥,(T, X) is

2 o0
G180 =Y [ a0 [ PRI RLT DGR ) + Y@ R T D (@ R @
s=1 0 R

where CA'W(Q, K ) and DW(Q, K | ) annihilate the electron and the positron of the v wedge with spin number s, frequency €2, and
transverse momentum K represented by the positive and negative frequency modes:

UUA‘(Qa I%La Ta X) = eiIZL‘XliiQTWUS(Qa KLa Z)7 (Sa)
Vis(Q, K1, T, X) = e RXATY Q. K\, ), (5b)

with

. > 1 [k(Ky)
Wus’(Qs KJ_, ZU(Z)) = Py CO
2 ca

/3 N es\,aZ
h| = Kas i2/ca— K
S (2 )UZ_; LiQ/ 1/2<K( 1) p )

" |: —syic 0(
@)’

h

me\ 14772
1 2 5 Z
Ky + Ky + —)] 2,,(2, K1), (6)

and where s, is the sign of the wedge (i.e., s = —1 and sg = 1), K(Iﬁ) = (mc/h)2 + |K, |? is the reduced momentum, K. (&)
is the modified Bessel function of the second kind, and 91,,,($2, K 1) are orthonormal bases for the eigenspace of cy?y? with

eigenvalue 1, i.e.,

cy'y W, (2, Ky ) = W,,(2, K1), (7a)
@:S(Q, Izl)@vs’(gz’ I?J_) = Oy (7b)

In Ref. [14] we reported the following Bogoliubov transformation relating the Minkowski particle creator &,(k) to Rindler

operators:

2
sky= Y > /R dQ fR Koy, QKD (R) e (2, KOIO@Coe (R, K1) + (=D, (-2, =K1 (8)

v={L,R} s'=1
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with

o=%

a,(k, 2, K) = —5 k. —KL)\/ (kcla) osh (%) > |:sv

(k) + cks

(@—1)/2
/ dze(sz)e_ikSZKas\,iQ/caf1/2 (SVK(IZL )Z),
CK(kJ_) R

9

and we showed the following representation of the Minkowski vacuum in the Rindler space-time:

10) ocexp | — Z svzz / dQ A APK L eTHOR] (. KW (—Q, KCL(R, KD, (2, K1) [10L, Or),

s=1 s'=1

(10)

where |Oy) is the Minkowski vacuum, v is the opposite of v (i.e., V=L if v=R and » =R if v = L), and |0, Or) is the
Rindler vacuum state. By using Egs. (8) and (10), one can see that any nonrelativistic single electron prepared in the inertial
frame appears as a superposition of states with varying energy and particle number in the accelerated frame.

III. SUPPRESSING THE FRAME-DEPENDENT
EFFECT ON THE ELECTRON

In the previous section we showed the frame-dependent
particle content of the electron field, which is responsible
for the appearance of electron states with varying energy and
particle number in the accelerated frame. In this section we in-
vestigate the conditions under which such a frame-dependent
effect is suppressed.

It is already known that in the case of scalar fields, the
frame-dependent effect is suppressed when the acceleration
« is sufficiently low and the particle state is localized in
the approximately Minkowskian region of the Rindler space-
time, i.e., where gMV(T,)_f) ~ Ny [13]. Any nonrelativistic
Minkowski single particle appears as a nonrelativistic Rindler
particle in the accelerated frame if « is such that

ha <€ (11

mc

and the localization in X in such that
laz — 1] S, (12)

where € = hQ2/ mc? is the nonrelativistic parameter, defined as
the ratio between the nonrelativistic energy /2 and the mass
energy mc”. The resulting Rindler single particle is created
over the Unruh background |Oy), which is in a superposition
of Rindler particles. These background particles are mostly
localized far from the region (12) and close to the Rindler
horizon; hence they can be ignored for the local detection of
the Unruh effect.

Here we find that the results obtained for scalar fields are
also applicable to the case of Dirac fields. When fia/mc <
€32, laz — 1] <€, and |Q|/ca < 1, the Bessel functions ap-
pearing in Eq. (9) are approximated as [15]

Keig/ea—12(k(K1)z) ~ 0, (13)

and when fia/mc < €32, KK, |/mc < €'/2, |az —
|2|/ca > 1, as

1] <€, and

T2 =
cosh o Kiiq/ca—1/2(k (K1)z)

(

() () [ (et

Q
+ az— h—:|> (14)

mc?

where Ai(£) is the Airy function. By using Eqgs. (13) and (14)
one can prove that the electron is seen as a nonrelativistic
single particle in both frames if the acceleration is constrained
by Eq. (11) and the electron is localized in the region given by
Eq. (12). See Appendix A for the complete proof.

IV. AVOIDING COMPLETE IONIZATION

In this section we discuss the interaction between the
electron and the classic electromagnetic field. We obtain the
conditions under which the atom is not completely ionized by
the electric field E. We show that such conditions not only
guarantee the atomic stability but also suppress the frame-
dependent effect described in the previous sections.

The classic electromagnetic field affecting the electron is
made by the potential energy Ve due to the external elec-
tric field £ and the potential energy Vi, due to the nuclear
Coulomb interaction. In the comoving frame, Viy is

1 —e2Z o

Vex(Z) = — 15)

(see Appendix B). The nuclear potential energy Vi, is

172 hc

Vnuc (R) _EQED R ( 16)

where R = |)? | is the radial coordinate, eqgp = (Zay)? is the
quantum electrodynamics (QED) coupling, and « the fine-
structure constant.

The electron is pulled away from its orbit by Vex while it
is dragged by the accelerating nucleus via Vy.. If E is suffi-
ciently large, the electron escapes from the nuclear Coulomb
barrier via quantum tunneling, compromising the atomic sta-
bility. To avoid complete ionization, we require a small E such
that

[Vext(Ro)| < |E; (17
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with Eéo) = —EQED[,ch /2 as the ground state of Vi, u =
(m + My)/mMy =~ m as the reduced mass, My ~ M as the
nuclear mass, Ry = ap/Z as the atomic radius, and ay =
hi/mcay as the Bohr radius. Hence we assume that the external
force Ve simply perturbs the spectrum of V;,. via the Stark
effect.

Equation (17) reads

Ro < equn 2" (18)
a €0FD ———,
0 QED 7
or, equivalently,
Zao)® m23
E < L) (19)

2 he

Notice that the electron is localized inside the region R < Ry
since Vy, dominates over V. Notice also that egpp < 1
and (£ — 1)m < M. Hence, from Egs. (15) and (18) one
concludes that the electron is localized where the electric field
is approximately uniform.

Equation (17) guarantees a lifetime 7 for the atom that is
exponentially increasing for decreasing electric field. Indeed,
by using the WKB approximation, one can find the following
ionization rate [16]:

1 16 > 4g©
-~ EJ — ). 20
T FzRer( o) exp <3R0eE (20)

Notice that EQEDmc2 is the order of the nonrelativistic
atomic energies. Indeed, the spectrum of Vp, is

© _ _ _ €QED 2
" 2+ 12t

By comparing Eq. (18) with Eq. (12), one finds out that the
localization condition (12) is already met by configurations
that satisfy Eq. (18). Furthermore, Eq. (18) leads to

ha 3/2 (Z — l)m
- - 22
<€ (22)

2M
which is a sufficient condition for Eq. (11). By constraining
E and Z accordingly to Eq. (19), one guarantees the atom
stability and the first-quantization electron description in the
accelerated frame. The atom does not ionize and the electron
appears as a nonrelativistic single-particle bound state in both
frames.

21

V. DETECTING UNRUH RADIATION
VIA HYPERFINE SPLITTING

In this section we consider the interaction between the
accelerated atom and the electromagnetic Unruh background
[1,2,7]. We show the conditions under which the coupling
between electron and Unruh radiation produce measurable
effects. We study the spectrum of the relativistic hydrogenlike
atom in Rindler space-time with uniform external electric field
and we show that the coupling is induced by the hyperfine
splitting. Finally, we plot the regime of parameters for the
observability of the Unruh effect.

In the accelerated frame, as a consequence of the Unruh
radiation the electron can be excited by absorbing a photon

with the energy AE, = E, — Ej of the nth electronic transi-
tion. The event is detectable if

AE, < kgT (23)

~

and if the atom has a sufficiently large lifetime such that

T > h.
~ AE,

(24)

Equation (23) guarantees a nonvanishing probability for
the electron to interact with photons described by the follow-
ing Boltzmann distribution:

1

Ps = oAE kT _ |

(25)

A more refined constraint than Eq. (23) can be imposed by
assuming a lower bound for Pg, i.e.,

Pg < Puin, (26)

with Py, < 1. Equation (24), instead, ensures that the absorp-
tion spectrum of the atom is narrow around AE,. Given the
exponential growth of the atom lifetime for smaller E [see
Eq. (20)], it is safe to assume that Eq. (24) gives an almost
exact lower limit for 7, i.e.,

i
AE,’

T > 27

The states and energies of the spectrum E, are the solutions
of the Dirac equation in Rindler space-time for hydrogen-
like atoms with the interaction potential V. They can be
computed perturbatively by considering the nonrelativistic
hydrogenlike spectrum E” [see Eq. (21)] perturbed by Vex
and by relativistic corrections coming from the Rindler-Dirac
equation.

The energy gaps of the unperturbed Hamiltonian AE(® =

E® — E(()O) in Eq. (21) are of the order
AE"® ~ eqepmc?. (28)

By plugging Eq. (28) in Eq. (23), one finds that the lower
bound for the electric field is
> 27 (Zap)? mMc3
~ o Z-1 he

, (29)

which is way larger than the upper bound (19). Hence, AE?
does not induce coupling with the electromagnetic back-
ground for any stable configuration.

Perturbations of E(”’ do not significantly change the ener-
gies gaps, unless they break the spin degeneracy of the atomic
ground state. In that case the first level Eéo) splits into the
actual ground state Ey and the first excited state E;, with
AE = E| — Ey < egepmc?.

In Appendix C we show that the Rindler-Dirac equation for
the hydrogenlike atom with potentials V. and Ve have a
degenerate minimum energy level. Hence the external electron
field Vex and the special and general relativity corrections do
not break the spin degeneracy of Eéo).

One has to look at the hyperfine structure to see a split
of Eéo) due to quantum electrodynamics corrections. The
electron-nucleus interaction via spin-spin coupling generates
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the following energy gap [17]:

1 3,4, m*c? :
AEy = |7 QI+ D)2 ape%- il # 0’ (30)
0 ifI=0

with Mp as the proton mass. / is the quantum number such that
\I|2 = I(I + 1), where I is the nucleus spin. g is the effective
g factor, defined as follows: i = (ghe/ 2Mp)I, where [i is the
magnetic moment of the nucleus resulting from its spin.

Notice that the selection rule that forbids transitions be-
tween levels with vanishing azimuthal quantum number £ = 0
breaks down due to the Stark effect. Hence the absorption of
photons coupled to the hyperfine structure is allowed.

By plugging Eq. (30) in Eq. (26), one finds that the atomic
hyperfine structure produces a measurable Boltzmann distri-
bution when I # 0 and when

ex 221 + I)ZS(xf)‘ngzc3 1 ! <P 31)
PAT3E@ 21 MeheE min-

Furthermore, the atom has a sufficiently long lifetime when
[see Egs. (27) and (30)]

heE 2(Zag)? m*c3 127 2209 Mp
53 ( ) > — (32)
m?c 3 heE QI+ 1)g m

Equations (31) and (32) define the regime of parameters
E, Z, M, I, g for the detection of the Unruh effect via first-
quantized atomic detectors. The results are shown in Fig. 1,
where for some nuclear configurations we plot the range of
validity for the electric field E. In Fig. 1 we also plot the
Boltzmann distribution

Py — |: <(21 + 1) Z%ajg Mm*c?

- —1
-1 (33)
3(Z—-1) MpheE
and the Unruh temperature
Z —1 heE
T = < (34)
2 kBMC

To overcome background noises, a sufficiently large T is
needed and requires high ionization Z.

VI. CONCLUSIONS

Various experimental proposals have been reported to test
the Unruh effect. The proposals include the depolarization
of electrons in storage rings [19,20], Penning traps [21],
and ultraintense lasers [22,23]. The growing interest is mo-
tivated by the ever-improving experimental equipment that
allows to reach high accelerations [24]. Besides electrons,
also uniformly accelerated protons have been considered
as Unruh-DeWitt detectors via acceleration-induced weak-
interaction decay [25-27] and photon emission [28,29].

In this manuscript we analyzed the electron in the ac-
celerated atom by the nonrelativistic limit of a Dirac field
in Rindler space-time [12—14]. While considering hyperfine
splitting, we addressed three problems: (i) the instability of
the atom due to a strong accelerating field; (ii) the frame-
dependent nature of the electron; and (iii) the detectability of
the Unruh effect due to the electromagnetic radiation. We have
shown that (i) and (ii) impose an upper boundary condition
for the electric field accelerating the ionized hydrogenlike

a
( ) BHe 6L1 QBe 1UB IlB 13C ]4N ]5N 170 19F
, i o
Atomlc 1nstab1hty ] 1.00 0;
5% 10121
g * and frame de- 0.50 E
:E, pendence g
Lﬂ 2% 102+ - =t
.= Q.
= 1x 1012} 0.10 &
= =
9 5x10! 0059
] =
.,23) Undetected Unruh | Ey
% ax10t | effect via atom-radiation 3
— 1nteract10n Pp < 0.01 ~
1x 10! ( ) 0.01 ™

3He 6 Li 9 Be LUB IIB 13C ]4N ]SN 170 1‘)]:

3He ©Li %Be 0B !l 13¢c 1N 15N 179 Vf

‘ : ; ; ‘ | - 100 =
—~ . ] E
g sx10 ] 0.50 £
= =
= 2% 102 &
L] g
E 12 o)
o 1x10 ]
= 0.10 g
O 5x10! - ] £
‘SS 1 0.05 =
Q
= 2x 101 /;\
1x10MLE e \ . T S ~
() Li QBC IOB IIB 13C 14N l:yN ]70 I‘)F

FIG. 1. Observation window for the Unruh effect via first-
quantized atomic detectors. The constrained variable is the accel-
erating electric field E for each nuclear configuration Z, M, I, g
[18]. The upper limit for E [see Eq. (32)] guarantees the stability
of the atomic bound state and the first-quantized description of the
electron in the accelerated frame. Above this limit, the electron
escapes from the Coulomb potential via tunneling and it appears as
a superposition of states with different energies and number of parti-
cles in the accelerated frame. The lower limit [see Eq. (31)], instead,
ensures the detection of the Unruh effect from the electromagnetic
thermal background via light-matter interaction. Below such limits,
the hyperfine structure of the atom produces an energy gap that is
too large for the Boltzmann distribution to be detected. In (a) we
show the Boltzmann distribution for the atom-radiation interaction
[see Eq. (33)]. In (b) we show the Unruh temperature 7 of the
electromagnetic background in the accelerated frame for different
configurations [see Eq. (34)].

atom. Taking into account (iii), we determined an observation
window in the E and Z plane [see Fig. 1]. Surprisingly, quan-
titative estimates unveil that the effect can be detected with
electric fields within the reach of the modern technologies of
high-power lasers and nuclear magnetic resonance.

As a concluding remark, we discuss the possibility to ex-
tend our results by including the Zeeman effect. The presence
of a uniform magnetic field B parallel to the accelerating
electric field E has the following effects: (i) it does not affect
the accelerating trajectory of the atom, and (ii) it induces an
energy splitting at the ground states similarly to the hyper-
fine splitting. Hence, for atoms that have vanishing hyperfine
splitting (e.g., nuclei with zero spin), only the Zeeman effect
produces a measurable energy gap that couples to the Unruh
radiation. We remark that, at variance with the hyperfine split-
ting, the strength of the magnetic field B can be controlled
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and induces an arbitrarily small energy gap. Consequently, no
lower bound for the electric field E occurs.
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APPENDIX A: SUPPRESSING THE FRAME-DEPENDENT
EFFECT FOR DIRAC SINGLE PARTICLES

In this section we adapt the discussion of Ref. [13] to
the case of Dirac fields. We consider a single fermionic
particle |i{) prepared by an inertial observer, and we de-
rive its representation in the Rindler-Fock space by using
the Bogoliubov transformation (8). We assume that the
acceleration is constrained by Eq. (11) and that the parti-
cle is nonrelativistic and localized in (12). We show that
the Rindler-Fock representative for [y) is approximated by
a nonrelativistic Rindler single particle created over the
Minkowski vacuum |Oyg), which, in turns, is mainly pop-
ulated by Rindler particles and antiparticles localized far
from (12).

J

We start from the general definition of Minkowski single
particles |¢), with wave function ¥ (x). The state is defined as
follows:

) = &, [0m), (A1)
with
2
& =3 / &I (k) (k) (A2)
s=1 R3

as the particle annihilator and with 1/75(12) as the wave function
in the spin-momentum representation, i.e.,

2
yE =) fR &k Rpus(k, 0, 5). (A3)
s=1 :

The nonrelativistic condition for the particle is
k|

% > el/2, (A4)

VoK)~ 0 if
The localization condition, instead, is

YE) A0 iflaz— 1] > e. (A5)

By using the Bogoliubov transformation (8), we write @i;j in terms of Rindler operators:

2 2
&= > ZZ/R d3k/RdQ /RZ d*K P (Kyay (K, 2, KDl (02, (2, K1)

v={L.R} s=1 s'=1

x [0(Q)Co (2, K1) +0(—)DT (-, —K )] (A6)

As a consequence of the Dirac delta function appearing in the explicit form of ay(k, 2, K.) [see Eqg. (9)] and the nonrelativistic
condition (A4), Q:L creates Rindler particles and destroys Rindler antiparticles with nonrelativistic transverse momentum, i.e.,

HIR, | /mc < €'/2. Furthermore, Eqgs. (9) and (A4) lead to the following approximation:

2 2
& Y YN fR &%k fR dQ /R KGR Q. KD ()2, (2. K1)

v={L.R} s=1 s'=1

x [0(Q)Co (2, K1) +0(—)D (-, —K )], (A7)

with

- . I, - - m
Buk, 2, K1) =—6%(kL — K1)
T 2mha

By recalling Eq. (2a), we write Eq. (A7) in the following way:

Q ; -
cosh (”—) D (D2 / dz0(s,2)e”" Kos,igjea1p (0K (K1)2). (A8)
ca ot R

2
TEIDY /R dQ fR KL (R KDIO@)Cus (. K1) + 0= )D] (=2, ~K )], (A9)
=(L,R} s=1

, 1 m T N (o— 2
Xos(§2, K1) = -, [ 5~ cosh (_) / d*x0(5,2) Y (501) Koy, igca1/2(s0k (R 1)2)
72\ ha ca ) Jgs P

with

s'=1

2
xS [ dwi o €. 0.5, Ko,
R?

(A10)
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By using Eq. (A3), Eq. (A10) reads as

N 1 m T _ . ~ .
XL KD = 25\ e °°Sh< _> / d*x0(5,2) Y (501) 7 Ko igea 1250k (DY (0)We(Q, K1), (AlD)
T a ca R3 =

The localization condition (AS5) can be used in Eq. (A11) to obtain the following approximation:

_, 1 Q
Xrs(£2, K1) ~ — M cosh (222 / d3x0(e — |az — 1)) Z j@=D)2
27‘[2 ha ca R23 fomd

X Kyigea12(c(K)2)W T (@)Wrs(Q, K1), (Al2a)
xLs(R2, K1) 2 0, (A12b)

which means that @Jp creates Rindler particles and destroys Rindler antiparticles in the right wedge only. By using again Eq. (A3),
Eq. (A12a) reads as

Krs(2, K1) ~ —,/ Z/ &’k (k)Z A ”/2/ d*x0(e — laz — 1|)

X u ,(k, 0, X)Wk, (2, K1 )Kyic/ca1/2(k (K D2). (A13)

We now cons1der the limit of low acceleration (11), and we use Egs. (13) and (14) in Eq. (A13). By using Eq. (13), we find
that yg,($2, K, ) is vanishing when |Q|/ca < 1, and hence ¢! creates Rindler particles and destroys Rindler antiparticles with
frequency |2| 3> ca. By using Eq. (14), one can write Eq. (A13) in the limit |Q2] >> ca as follows:

. 13 2
Srs(€ K1) ~ 1%’/%( fa ) / Lrj®) / Px(e — Jaz — 1l (F, 0, ©)8e (€2, K1)

ﬁmc
2/3 N
2 Rk hQ
« ai (2me LSRR (A14)
fia 2me mc?

Owing to Eq. (2a), Eq. (A14) reads as

_ 1—1i m ha ' & . L
Y@, R 1) ~ (271)5/3/%( ﬁm) f Pk B (OB, K1)

. V2me 2 HIK,| ? hQ
d*x0(e — |az — 1])e " Aj = —— ] Al5
x/w x0(e — |az De i < P ) (ﬁmc +az s ( )
The nonrelativistic condition (A4) in Eq. (A15) leads to
. 1/3 2
, 1—1i m | | T T -
(@ K~ oo e f - &L (it (e, (2. K1)
m 3
2/3 N
V2me RIK, | hQ
d*x0(e — laz — 1|)e " **Ai -— 1 Al6
x [ disie —laz = 1he Fai ( - D) v (A16)

[

One can now use the limits of the Airy function to show and can be approximated by the following identity:
that if hQ/mc2 — 1 K —e¢, then xgrs(R2, K} ) is exponentially
vanishing [13]. Conversely, if hQ2/mc? — 1> €, the Airy

function appearing in Eq. (A16) oscillates way faster than N 2 )

e~*7[13], leading to a vanishing integration with respect ¢y ~ Z / d26 (6 - ‘_ - ID ) d°Ky

to z. Consequently, xrs(€2, K)) is nonvanishing only when =1 'R R

|hQ/mczA— 1] < € (i.e., Q is positive and nonrelativistic). As IR, |

aresult, (’:T/, only creates a nonrelativistic right-Rindler particle 9( 12— )XR?(Q K )Cro(Q,KL). (A1)
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Equation (A17) can be plugged in Eq. (Al) to give a
Rindler-Fock representation of the Minkowski single particle.
The operator ¢, creates a nonrelativistic right-Rindler single
particle over the Minkowski vacuum background |Oy), which,
in turn, is given by Eq. (10).

By using Eq. (10) and the fact that e /¢ is exponen-
tially vanishing when /ca > 1, we find that the Minkowski
vacuum is mainly populated by Rindler particles with fre-
quency € < ca. Such particles are localized far from the
region |aZ| < €. Indeed, by using Egs. (5), (6), and (13) one
can prove that the modes representing right-Rindler particles
and antiparticles with Q < ca are vanishing in |aZ| < €. The
result is that Eq. (A1) is approximately a nonrelativistic right-
Rindler single particle created over a sea of Rindler particles
and antiparticles localized far from |aZ| < e.

APPENDIX B: UNIFORM ELECTRIC FIELD
IN THE ACCELERATED FRAME

Here we consider an electric field E that appears uniform
in the inertial frame, ie., E(,X) = E é,, and we compute
the consequent electromagnetic field in the accelerated frame.
The electromagnetic tensor in the inertial frame is

0 0 0 1

El 0 0 0 O
FF = — B1
c|l 0 0 0 O (B

-1 0 0 O

The coordinate transformation (¢, ¥) > (T, X) from the
Minkowski to the right-Rindler frame is such that

cat = ¢*? sinh(caT), x=X, (B2a)

(B2b)

y=Y,
az = €“ cosh(caT),

which can be inverted to give

t
caT = tanh™! (%) X=x, Y=y (B3a)

aZ = %log[(az)z — (cat)*]. (B3b)

From Eq. (B3) one can compute the following Jacobian ma-
trix:

e “%cosh(caT) 0 0 c e “sinh(caT)
oXH 0 1 0 0
v 0 0 1 0

ce Zsinh(caT) 0 0 e ““cosh(caTl)

(B4)

The components of the electromagnetic tensor in the non-
inertial frame (7', X) can be obtained by using Eq. (B4) as
follows:

0 0 0 1
IX" 9X" Elo o o o

_Fotﬁ — —2aZ — B5

axe axP %o o 0 o (BS)
1.0 0 0

Equation (B5) states that in the accelerated frame, E appears
as an electric field along Z with magnitude e 2*E. The con-

sequent potential energy Vi that is vanishing for Z = 0 is
reported by Eq. (15).

APPENDIX C: SPIN DEGENERACY OF ACCELERATED
HYDROGENLIKE ATOM

Here we consider the energy potential V. and the special
and general relativity corrections to the accelerated hydrogen-
like atom. We show that the spin degeneracy of the first energy
level is not lifted.

The full Rindler-Dirac equation with potentials V;,. and
Vext describing the electron in the accelerated frame is

ihdgW = HY, (CD)

with the following Hamiltonian (see, for instance, Ref. [12]):
H = —ihc*yy30; — %hayoy3 + eZy0(—inc*y'a,

— ific’y?d; 4+ mc®) 4 Vaue + Ve (C2)

Notice that H is symmetric with respect to the following
unitary operators:

Ui = icy®Piy?y?, Uy =icy’y' Py, (C3)

where P, is the parity operator for the ith coordinate, i.e., P; :
X+ —X and P, : Y — —Y. Indeed, one can prove that H
commutes with U; and U,,

[Ui,H] =0, [U,H]=0, (C4

by using the following anticommutative properties:

{P1,01} =0, {P,0d}=0,
", v = -2n"".

(C5a)
(C5b)

Equation (C5b), the hermiticity of yo, Py, and P», and the
antihermiticity of y? can be used to prove the unitarity of
U, and U,. Furthermore, Eq. (C5b) leads to the following
anticommutative relation:

{U1, U2} =0. (C6)

Equation (C4) implies that H and U, are simultaneously
diagonalizable. The same occurs for H and U,. However,
U; and U, are not compatible, since, as a consequence of
Eq. (C6), they do not commute.

Consider a state W which is simultaneously an eigenstate of
H and U,. The noncompatibility between U; and U, implies
that W is not an eigenstate of U;. Hence U,V is a different
state from W. However, U; W is still an eigenstate of H with
the same energy of W. We find that the Hamiltonian H is at
least two-degenerate for each energy level.
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