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Abstract. We study quantum tunneling of a composite object, which has a dipole
or quadrupole moment coupled with quantized (photon or gravitational) radiation
field, through a § potential barrier. The dipole or quadrupole moment is represented
by an oscillator in the relative coordinate of two constituent particles of the object.
The center of mass degrees of freedom of the object is not directly coupled with the
radiation field. However, we show that, for the object with the oscillator in the excited
state, dissipation caused by the radiation field can suppress its quantum tunneling
rate in the center of mass degrees of freedom. In addition, when the initial energy
of its center of mass motion is similar to that of the excited state of the oscillator,
a spatial superposition state of the object prepared by the barrier can decohere due
to the radiation field. The main purpose of this article is to investigate how two
different interplays (i) among the center of mass, the relative coordinate degrees of
freedom and the potential barrier, and (ii) between the relative coordinate degrees of
freedom and the radiation field, can affect the quantum tunneling and the creation
of the spatial superposition state of the object. Our toy model can give insight into
tests of quantum tunneling and quantum superposition of atoms or molecules with its
dipole or quadrupole moment coupled with the radiation field.

1. Introduction

The study of quantum phenomena of composite objects has various applications in
diverse fields, such as investigations into quantum-to-classical transition [I], in the study
of effects of gravity and relativity on quantum mechanics |2, 3], in quantum chemistry
[4] and in quantum computing [5].

Recently quantum tunneling of a composite object through a § potential barrier has
been studied in continuous space [6] and on a lattice [7]. It was found that its internal



Quantum tunneling of composite object coupled with quantized radiation field 2

structure can produce phenomena such as long-lived resonances and bound states in the
continuum that can not be seen in a single particle quantum tunneling.

In this article, we investigate a quantum tunneling of a composite object by using
the model which was introduced in [6], but now the object is coupled with quantized
radiation field due to radiation emission from its dipole or quadrupole moment. It
is then observed that although dissipation and decoherence due to the radiation field
act only on one degrees of freedom (i.e., relative coordinate degrees of freedom of the
constituent particles of the object), yet have observable consequences for the other
degrees of freedom (i.e., the center of mass (c.m.) degrees of freedom of the object)
when those two degrees of freedom are correlated by, e.g., propagation through the
potential barrier. This kind of effects can be seen in many situations in physics, though
their theoretical treatments have not been well investigated. Here we see the effect
occurring in a relatively simple model.

Decoherence due to dipole or quadrupole moment radiation has been studied in
the literature [§, 9, [10] in the context of quantum field theory. In the literature, dipole
moment or quadrupole moment of a composite system consisting of a particle and device
(e.g., slit, mirror) which recombines paths of a particle was considered. In such a
situation, cutoff of radiation spectrum and decoherence rate should be largely depend
on how the device recombines those paths and one needs to find relevant parameters of
devices to estimate actual decoherence rate. On the other hand, dipole or quadrupole
moments of atoms and molecules can be found easily. This is another reason why we
study a superposition state of the composite object consisting of two particles as a toy
model of atom or molecule.

The article is organized as follows. Firstly we introduce the Lagrangian for
the composite object whose dipole moment described by an oscillator in the relative
coordinate of two constituent particles is coupled with the photon radiation field.
Then we derive the master equation for the object by tracing out the radiation field
(section|2.1)). In section we use the master equation to study its quantum tunneling
through a ¢ potential barrier. When the object initially has the oscillator in the first
excited state, we find that dissipation caused by the radiation emission can suppress
its quantum tunneling rate in the c.m. degrees of freedom. Furthermore, when the
initial energy of the c.m. motion is similar to that of the excited states of the oscillator,
a spatial superposition state of the object created by the barrier (i.e., being reflected
or transmitted by the barrier in the c.m. degrees of freedom) can decohere by the
radiation emission (section 2.3). The c.m. degrees of freedom of the object is not
directly entangled with the radiation field. However the decoherence in the degrees of
freedom can happen due to the fact that the interaction with the potential barrier can
cause the entanglement between the c.m. and the relative coordinate degrees of freedom
which is entangled with the radiation field. Therefore, the main purpose of our study
is to investigate how two different interplays (i) among the c.m., the relative coordinate
degrees of freedom and the potential barrier, and (ii) between the relative coordinate
degrees of freedom and the radiation field, can affect the quantum tunneling rate and
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creation of the spatial superposition state of the composite object by the barrier.

This article deals largely with the photon radiation field. However, since the studies
of gravitational decoherence have attracted increasing interest recently [111, 12, [13] [14] [15]
and electromagnetism and linearized gravity can be treated similarly, we provide section
[3.1] which addresses the case where the quadrupole moment of the object is coupled with
the quantized gravitational radiation field by emission of gravitational waves. Finally
we briefly discuss the case where one introduces the Lorenz gauge and the false loss
of coherence observed in the gauge, and the problem of quantum gravity which arises
when the field is replaced by gravity in section [3.2]

Units are chosen throughout such that ¢ = h = 1.

2. Composite object coupled with the quantized photon field

In this section, we derive the master equation for the composite object whose dipole
moment is coupled with the photon radiation field. The c.m. degrees of freedom of
the object is not directly coupled to the radiation field, while it gets entangled with the
relative coordinate degrees of freedom of its constituent particles by propagation through
the barrier. Using the master equation, we find that dissipation and decoherence caused
by the radiation field affect the quantum behavior of the object in the c.m. degrees of
freedom.

2.1. The master equation

We derive the master equation for the composite object coupled with the photon
radiation field using the path integrals formalism. We consider the Lagrangian for
the object which consists of two particles interacting with each other by a harmonic
potential:

Ly = %MX2 + %/DCQ - %ucﬁxz (1)
where X is the position of c.m. for two particles at x; and x5, x is the relative distance
between them, M is the sum of two masses M = m; + my and g is the reduced mass.

The dipole moment of the object is represented by an oscillator in the relative
coordinate x of the two constituent particles, and w is the natural frequency of the
oscillator. In this article, the two particles bounded by the harmonic potential is a toy
model for “the composite object” and its position is given by the c.m. position X. We
study its quantum tunneling through the barrier V(x,X) while its dipole moment is
coupled with the quantized radiation field by emitting radiation.

Firstly we derive the influence functional for coupling to the photon radiation field.
Here we work in the Coulomb gauge, V- A = 0 . We express the vector potential
A(r,t) and the current density j(r,t) in terms of the Fourier transform of the dynamical
variables

Afr,t) = a(t)e™™, j(r,t) = ji(t)e™™. (2)
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Assuming two particles have the opposite charges ¢ and —gq, the action for the
object coupled to the radiation field can be written as [16]

S = Sy + Sint + Seag (3)

where

Sy = / (Lo — V(x,X))dt,

Sing = //d?’rdtj(r,t)-A(r,t) - q/ Z i./\a%keikxo(t)dt’

k=12

Siad = — i / d*rFME,, = % / D (@ pink — Ka) a0 dt. (4)
Kk A=1,2
Here we used the fact that the current density of two charges j(r,t) = ¢x;0(r —
x1(t)) — qX20(r — x2(t)) can be approximated as an oscillating dipole with origin at
the center of the charge distribution xp, j(r,t) = x0(r — xo(t)) and the corresponding
jk(t) = xe **o®) where x(t) = ¢x(t) if we keep only the lowest-order term in a
Taylor series with xo [I7]. A = 1,2 represents polarizations and a;yx and asx are
the components of ay in two directions perpendicular to k. Similarly z; and x, are
the components of x in the direction transverse to k. For each A\, we have Maxwell’s
equations, dyx + k*axx = jrx [16].
Now the reduced density matrix p(X, X', x,x’,t) for the object can be given by
tracing out the photon radiation field [18],

p(X, X x,x t) = / dXodX{dxodx; / / / / DXDX'DxDX'F(j,J')
x eiSvXx) =Sy (X)) (X X %0, %), 0) (5)

where j and j' represent current associated with x and x’ respectively. Since Spag + Sint
gives the action for the forced harmonic oscillator, we can derive the influence functional
F(j,j’) by assuming that the initial wavefunctional for the photon radiation field is in
the ground state:

F(j,J) = expiOphoton
t s
- {q S [ dsds (o)t i (s)e o0 s, )
k 0 0
"

(xj(sl)e—z’k-xo(s/) + x; (S/)e—ik.x’o(s’))

« (jjj(sl)e—ik-xo(s’) . .CE; (S/)e—ikx’o(s’)) (6)
where the correlation functions are given by summing over photon polarizations,
. 1 . 1
(s, s) =0"—sink(s —s"), n’(s,s)=0"—cosk(s—s 7
Vs, o) = 89 sink(s = 5), o (s,8) = B cosk(s =) (7
with 7, 7 = 1,2 associated to two directions transverse to k.
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We now derive the master equation. The relative coordinate degrees of freedom x of
the object follows an equation of motion for a harmonic oscillator L . For simplicity,
we assume that the object moves in a one-dimensional space. Ignoring damping of the
motion in the relative coordinate due to radiation, the classical path z¢(s) with the
boundary condition z(0) = x¢, x(t) = x can be written as

sinw(t — s) sin ws

x°(s) = xg - + x— . (8)

sin wt sin wt

We substitute into @ to obtain

Re(Ophoton) & q?_w/o (i(s)* — i'(s)*)ds

472

q2w2 t

(&(s) = 2'(5))(w(s) + 2'(s))ds,

8T Jo

/0 (i(s) — () (x(s) — 2/(s))ds
L qw

~ T2 () - o' (0))? ©

where it was estimated that a natural upper cutoff for the frequency spectrum of the
emitted radiation is the natural frequency w of the oscillator and wt > 1. We also

P
872
2, 2

Im ( @photon) ~

introduced the electric dipole approximation where e *%*0(s) etc. can be approximated
by unity.
Then the density matrix for the object p(X, X', x, 2’ t) at time ¢ is given by

p(X, X' @, 2 t)
= //dXodXéd:rod:BgW(X, X'z, 2!t Xo, X{, xo, 25, 0)
X p(Xo, X}, o, g, 0) (10)
where the reduced density matrix propagator is

X X, Z, 27 t Xo,X(/),IEQ,QTO,O)

////amwuwmm<&um Syl X7]

o [ e e
¢w [t , /
S ACOREIONCORE <3>)d5>
X exp <_q8:2 /0 (#(s) — #'(s))(2(s) — x’(s))dg) a)

and
A%WMZ/K¥X@MgﬂW—V@X0$
0 (12)
Here we rewrote the potential term V'(z, X) = 1pw?2? + V(z, X).
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transmitted

Figure 1. The probability distribution p(X, X, z,z,t') of the composite object after
tunneling through the barrier. m; = mg = 1, wt’ = 11 x 10°, (P?/2M)/Vy =
(P3/2M)/Va = 1.2 and 0/x,,0 = 6.6. (a) The oscillator in the relative coordinate
is initially in the ground state (without dissipation). (b) The oscillator in the relative
coordinate is initially in the first excited state (without dissipation). (c¢) The oscillator
in the relative coordinate is initially in the first excited state (with dissipation).

Differentiating both sides of with respect to ¢, we obtain the master equation

[19]:

Op(X, X'z, 2/ t) N{ i (82 0? ) i (82 B 82)

ot Tl2M \ox? 09X~ +2u+q2w/7r2 ox?  Ox'?
2.2
. ! ! / ! qw / a a
- X) - XNy —d9 42
i(Vi(z, X) = V(' ))+87T,u+4q2w/7r($+z)(8fc+8x’)
2, .2
qw ’ .0 .0 / !
SR (S (PR (R S Y5 .
87r2,u+4q2w<x a:)( i Z(‘?x’)}p( X2, 2,8)

(13)

We use the above master equation in the following sections.

2.2. Quantum tunneling and dissipation

Spontaneous emission from two-level atoms tunneling through a square potential and
a double-well potential has been studied in the literature [20, 2I]. In some cases,
dissipation can enhance quantum tunneling effects due to increase of kinetic energy
[20] or mixing of excited states with ground states caused by coupling with environment
[22]. However it is known that dissipation generally suppresses quantum tunneling
effects [23]. Here we study a quantum tunnelling of the composite object through a
d potential barrier, V(z,X) = Vid(x1) + Vad(z2) = VIO(X + F2x) + Vod(X — Fto),
while its dipole moment radiates photons. We assume m; = mo = 1, Vi = V5 and
q is equal to an elementary charge e. For simplicity, we introduce rescaling of the
coordinate X — 2X = x1 + x9, while x = x; — 25. The two constituent particles of
the composite object move only in one dimension and the line joining them lies along
the dimension perpendicular to the plane of the barrier oriented along the other two
dimensions in three-dimensional space. We start with the initial wave packet of the
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form Wo(X, 2) = £(X)én(z) at £ = 0:
F(X) = ( - )1/4exp (iPOX - M) |

) o2
o 1 Hw 1/4 —pwx? /2
oOn(z) = NoT] <?> e H, (\/pwx) (14)

where P, is the initial c.m. momentum, and o is the width of the initial wave packet
with its center being Xp.

Here Xo = —10 so that it tunnels through the barrier located around X ~ 0
from the left. We choose the ratio of kinetic energy of the c.m. motion divided
by the strength of the potential barrier (P}/2M)/Vy = (Bi/2M)/V, = 1.2, and
0/Ta0 = 6.6 where z,,, is the oscillator amplitude given by z,, = /2E,/uw? with
E, = (n+1/2)w. We let the kinetic energy of the c.m. motion is much less than the
energy of the first excited state of the oscillator in the relative coordinate, % = 23.
We define the transmission probability 7' = [ dX [ drp(X,X,z,2,t') and the
reflection+resonance probability R = f_XOfO dX ffooo dep(X, X, z,z,t') where t =t =3
is the time when we stop the time evolution of the wave packet after it has been well-
separated into the transmitted, resonance and reflected parts by the interaction with
the barrier. Note that resonances at the barrier found in [6] are also observed and
their contributions are included in the reflection+resonance probability R here instead
of waiting for their complete decay after a long time evolution to reduce numerical
evaluations.

When the object is not coupled with the radiation field, it is found that T/R =~ 1.0
(i.e., half of the wave packet is transmitted and half of it is reflected) if its oscillator is
initially in the ground state (Fugure 1 (a)), while 7'/ R ~ 2.2 if the oscillator is initially
in the first excited state (Figure 1 (b)). Here wt’' = 11 x 10? is chosen. This shows that
the transmission probability of the object with the excited oscillator is around twice
larger than that of the object whose oscillator is initially in the ground state. It is
because the wave packet is populated around x = 0 when the oscillator is in the ground
state and it feels V = (V} + V4)d(X) which is generally a higher potential barrier than
that at x # 0. This occurs when the barrier width is narrower than the width of the
ground state wave-function of the oscillator. Because the barrier here is a delta function
of infinitesimal width, it always occurs in this model.

Now we consider a situation where the object is coupled with the radiation field.
If there exist ambient photons, its quantum tunneling can be enhanced or assisted
since interactions with them can excite the oscillator. However if we have more photon
emissions from the oscillator, then generally dissipation caused by the process makes the
excited states of the oscillator decay into the ground state and suppresses the quantum
tunneling rate. Figure 1 (¢) shows the quantum tunneling of the object coupled with the
radiation field following the master equation ([13|) with the same initial wave packet as
that of Figure 1 (b). We see that the first excited state of the oscillator decays into the
ground state and the tunnelling rate is suppressed as T/R ~ 1.7. In Figure , T/R with
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Figure 2. T/R with different wt’ where the oscillator is prepared initially in the first
excited state according to the master equation . t' is fixed, and w is increased.

different wt’ is plotted by changing w without changing ¢ = 3 where the oscillator of the
object is prepared initially in the first excited state. The plot is obtained from the time
evolution of the wave packet according to the master equation . Without dissipation
due to the radiation field, it is observed that T'/R changes only slightly with wt’. Note
that T/R decreases even without dissipation since x,; becomes smaller as w increases
and the wave packet becomes more populated around x = 0. However with dissipation,
we see that the tunneling rate gets more suppressed as wt’ increases. This indicates that
the probability of the oscillator having decayed into the ground state increases with wt’.
Then the tunneling rate in the c.m. degree of freedom becomes suppressed since the
wave packet sees a high potential barrier when its oscillator is in the ground state.

2.3. Decoherence

In addition to the dissipation effects discussed in the previous section, we also observe
decoherence effects. The effects can be observed when the oscillator is prepared in
a superposition state. As an example of preparation of such state, let us consider
the initial wave packet of the composite object of the form whose oscillator is
initially in the ground state and let it tunnels through the ¢ potential barrier as before.
Similarly to the previous section, if we choose m; = my = 1, wt’' = 9 x 107 where
t' = 0.03, (P3/2M)/Vi = (P3/2M)/Va = 1.2, 0/xs0 = 2, half of the wave packet
is transmitted and half of it is reflected by the barrier. In the previous section, we
had the energy of the c.m. motion was much less than the energy of the excited
oscillator. Here we let the energy of the c.m. motion is the same as the energy
of the forth excited state of the oscillator, P?;é?\/[ = 1. Then the energy transfer
from the c.m. motion to the oscillator occurs when the wave packet is reflected

by the barrier, and the oscillator gets excited partially in the reflected part, while
it is still in the ground state in the transmitted part as shown in Figure 3 (a).
In Figure 3 (b), we plot pnr = [yo,dX [do [da'¢;(z)p(X, X, z, 2’ t')pn(2’) and
PnR = LX;O dX [dz [ da'¢f(x)p(X, X, z, 2, t')p,(x) which are the probabilities to find
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Figure 3. (a) The probability distribution p(X, X, z, z,t’) after tunneling through the
barrier where the oscillator was initially prepared in the ground state. The oscillator
of the reflected part gets excited partially. (b) Probabilities to find the oscillator states
¢y, in the transmitted and in the reflected part. State number n = 0 corresponds to
the ground state, and n = 1 is for the first excited state etc.

the oscillator in the state ¢, in the transmitted and in the reflected part respectively.
Due to the symmetry of the barrier, the antisymmetric states are not occupied in the
reflected part as discussed in [6].

In Figure 3 (a), it can be seen that the transmitted part has the probability
distribution populated around = = 0 (i.e., the oscillator is in the ground state) with
p(X = 12X = 12,2 = 0,2/ = 0,t') = 0.04 while p(X = 12,X' = 12,z =
+2/ 2/ = £2,t') ~ 0. On the other hand, the reflected part has the probability
distribution populated more around z # 0 (i.e., the oscillator is partially in the
excited states) with p(X = —12, X' = —12)x = +2,2/ = £2,¢') ~ 0.02 while
p(X = —12, X' = —12,2 = 0,2 = 0,t') ~ 0.008. Here we have z,o ~ 1, while
Zq2 s slightly larger than 2 in the figure.

However, if we trace out the radiation field entangled with the oscillator, as was
done in the master equation , then the superposition state gets suppressed. For
example, p(X = 12, X' = =12,z = 0,2' = £2,t’) represents the superposition state of
the object being transmitted by the barrier (and arriving at X = 12) whose oscillator is
in the ground state and that being reflected by the barrier (and arriving at X = —12)
whose oscillator is excited.

Since the evolution of the c.m. degrees of freedom and that of the relative coordinate
degrees of freedom decouple from each other when the wave packet is far away from the
barrier, we freeze the wave packet evolution in the c.m. degrees of freedom at t = ¢/

by removing the first term 5% ( 92 _ o2 > of the right hand side of to simplify

2M \ 9X2 ~ 90X
the numerical evaluation. Therefore the peak of the transmitted part and that of the

reflected part stay at X = 12 and X = —12 respectively in the discussion below.
According to the master equation without the first term involving the evolution
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wt"

Figure 4. Cy.. with different wt” obtained using the method in .

of the c.m. degrees of freedom, we obtain
X=12,X'"=-12,2=0,2" = £2,t' + 1"
Cdec = ’p( 7 i i b+ )| ~ 0.8 (15)
(X =12, X' = 12,2 = 0,2 = £2,¢)|
when wt” = 3 x 10° (i.e., ¢'/t” = 0.03). Here t" = 1 is the time measured from the
moment ¢ = t'.
Then shows that the superposition state of the composite object mentioned
above is suppressed ~ 20% after time ¢”.

Note that here we have the relatively simple entanglement between the c.m.
and the relative coordinate degrees of freedom in our example, i.e., the wave-
function of the composite object after the tunneling ~ \/Li|cm transmitted)|¢pg) +
\/Lﬁ lc.m. reflected) (\/Lg |<b0)—i-\/i3 ]¢2>+\/L§ |#4)). Then the terms in its density matrix such as
#g]c.m. transmitted)|@g) (c.m. reflected|(¢ps| or #ﬂcm transmitted)|@o) (c.m. reflected|(dy]
can be considered to represent the superposition state of the object. However if the
transmitted part also happens to have the oscillator in the excited states, then the no-
tion of the entanglement among the c.m., the relative coordinate degrees of freedom and
the radiation field, and the discussion of the superposition state of the object and its
decoherence can become more complicated.

Figure 4| shows the dependence of Cqo. on wt” obtained by changing w without
changing ¢” by using the master equation ((13)) without the first term involving the c.m.
degrees of freedom as discussed above. Apart from w, we chose same initial conditions
and parameters used in the example . The energy of the excited oscillator and the
oscillator amplitude z,, depend on w. Therefore the probabilities to find the oscillator
state ¢, in the transmitted and in the reflected part can become slightly different from
Figure |3| (b) as we change w in Figure . However Cqe. purely measures the decay of
the superposition state after time ¢”. As it is expected, the decoherence rate increases
as wt” gets larger.

In this section, we found that the interaction with the barrier can make the c.m. and
the relative coordinate degrees of freedom get entangled with each other when the initial
energy of the c.m. motion is similar to that of the excited states of the oscillator. As a
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Figure 5. The time evolution of the entanglement entropy S between the c.m. and
relative coordinate degrees of freedom during the tunnelling process. (a) is for the
tunnelling process in the Figure 3 (a), the object starts to tunnel the barrier around
t = 0.01. (b) is for the tunnelling process in the Figure 1 (a), the object starts to
tunnel the barrier around ¢ = 1.

result, the spatial superposition state of the object gets suppressed when the radiation
field is traced out even if the c.m. degrees of freedom is not directly entangled with
it. On the other hand, one can avoid this decoherence effect by choosing the conditions
used for Figure 1 (a). In the previous section, the initial energy of the c.m. motion
was much smaller than that of the excited states of the oscillator. In Figure 1 (a),
the energy transferred from the c.m. motion to the oscillator during the interaction
with the barrier was not enough to excite the oscillators in the reflected part, and both
the reflected and transmitted parts had the same oscillator states that remained in the
ground state. One can look at the time evolution of the entanglement entropy which
measures the entanglement between c.m. and relative coordinate degrees of freedom,
S = —tr[pem. 108y pe.m.| Where pen,. = ffooo p(X, X' x,z,t)de (Figure 5). During the
tunnelling process of Figure 3 (a), the entanglement entropy increases rapidly and it
remains increased after the object tunnels through the barrier (Figure 5 (a)). Contrarily,
although the entropy changes slightly during the tunnelling process, it remains almost
zero in Figure 1 (a) (Figure 5 (b)). In such a situation, the decoherence effect discussed
in this section can not be observed.

3. The case for gravity

3.1. Composite object coupled with the quantized gravitational field

In the previous sections, we dealt with the photon radiation field. Because of similarity
between linearized gravity and electromagnetism, it is also possible to deal with the
gravitational radiation field using the methods presented in the previous sections.
Quantization of gravity by analogy with the quantization of the electromagnetic
field and the development of the path integral formalism in a curved space have been
long investigated in the literature [24]. Recently the studies of gravitational decoherence
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have attracted interest [2], B, [1T), 12, 3] 14, 15]. However, in many theoretical studies,
object concerned and its trajectories derived from its Hamiltonian are often not specified
in detail. On the other hand, decoherence, even though driven by interaction with an
environment, can depend on the details of the object concerned and its time evolution.
Here we derive the master equation of the composite object introduced in this article,
which is now coupled with the quantized gravitational radiation field by its energy-
momentum tensor (i.e., quadrupole moment) in the weak gravity regime. The master
equation can be derived by the similar method employed for the photon radiation field.
However here we need to introduce the strong assumptions that an observer is external,
is in the source-free region, and the energy-momentum tensor of the object and the
gravitational radiation field generated by it can be quantized. Then we show that
the spatial superposition state of the object prepared as in Figure |3| can decohere if
“quantized” gravitational waves can be traced out.

Let us consider the situation where two constituent particles of the composite object
do not have charges, however they are still coupled to the gravitational radiation field
hi; by their energy-momentum tensor 7%. It is generally assumed that an observer in
quantum mechanics is always external and is located in the source-free region. With this
assumption, the transverse-traceless gauge, i.e., ho, = h”Z = h', = 0, can be introduced.
Then Sy and Spaq in are replaced by

Sint = /d4rhij(rat)Tij(rat)7

1 1 . L
Srad = G /d4rhuu,ahw’a = R/d4r<3thijachJ — hyjxh"") (16)

in the weak gravity regime [25]. Here Latin indices represent spatial dimensions, i.e.,
1,7,k = 1,2,3 and Greek indices represent spacetime dimensions, i.e., pu,v, o, =
0,1,2,3.

As in the case of the photon radiation field, we introduce the Fourier expansion so
that the transverse-traceless parts h;; of the gravitational field and T can be written
as

hip(r,t) = D hine™ TH(rt) = T9(k,t)e™ (17)
KA=1,2 Kk
o

The influence functional for coupling to the gravitational radiation jﬁeld can be

obtained similarly to the case of the photon radiation field [10], 26, 27]:

F(TY,T") = expiOgray
= exp {z Z /Ot /Os dsds'(T" (k,s) — T" (k, 5))%(;/:;)
‘ x (T (k,s") + T (k, s))
= /0 t /0 " dsds (T (k, s) — T (k. s
k

where hg]) = eg;)ss)(t) with the transverse-traceless polarization tensors e
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X(T*kl(k, S/) _ T,*kl(k, S/)) (18)
with the correlation functions

s.s! IL;; . 5,8’ 11;
%'(j,’kz) = 27&7’% sin k(s — ), 771‘(j,7kl) = QWG%M cos k(s — s') (19)

where the sum over polarizations of two on-shell graviton states gives the polarization
2

. 1
tensor > e} (k)eg (k) = i = 5 Oirdjt + 0adj = 0ij0).
,\
Here T% and T"“ are associated with x and x’ respectively. If we introduce the
energy-momentum tensor,

T (k, s) = pi'(s)i (s)e™*) (20)

where the relative coordinate degrees of freedom x obeys an equation of motion for a
harmonic oscillator as before, then we can write

/0 ds(i(s)" — i'(s)")
/0 ds((s)* — i'(s)*) (@ (s)a(s) + @'(s)2'(s)),

2
Re(Ogray) & Gpw

Guw?

2
Im(Ograv )
< 3G prwst .2
167
Gu2w?

t
1 / ds(i(s)* — @'(s)*)(x(s)i(s) — &' (s)2'(s)) (21)
n 0
and the master equation can be obtained as

Op(X, X', x, 2/, t) N{ i (82 B 0? )_i_L(a_Q_ (92>

_|_

/2)2

ot 2M \0X2  0X2) " 2u\0a>  0x”
—i(V'(z, X) = V'(2', X")) — zi;: (aa; - af;) <aa; + 88$2/2>

+G:j : (ma% B I/%) (aa; B aff2> B 3%:}5 S
L) (B Eorars

where V'(z, X) = pw?2? + V(z, X) and V (2, X) is the potential barrier as before.

The effects of dissipation and decoherence caused by tracing out the gravitational
radiation field here are similar to those given by the photon radiation field discussed in
the previous sections. Emission of gravitational waves causes the decay of the quantum
tunneling rate when the relative coordinate degrees of freedom of the object is initially
prepared in the excited state. Decoherence of the spatial superposition state of the
object occurs if the relative coordinate degrees of freedom gets entangled with c.m.
degrees of freedom by propagation through the barrier. However the decay rates are
much smaller than those of the photon counterpart by a factor of Gu?/¢* and therefore
unobservable on the time scales used in the previous sections.
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Nevertheless, the simple model discussed here can provide the spatial superposition
state of the c.m. degrees of freedom which is entangled with the quadrupole moment
represented by the oscillator in the relative coordinate of its constituent particles, and
therefore has a possibility to exhibit decoherence due to gravitational waves if they can
be quantized.

3.2. Lorenz gauge and false loss of coherence

So far we used the Coulomb gauge or the transverse-traceless gauge assuming that the
observer is in the source-free region. Of course one can also use the Lorenz gauge.
In the Lorenz gauge, in addition to the contribution of the radiation field (i.e., real
photons or gravitons), one may also write the contributions of virtual particles, i.e., the
self-interaction terms. Unlike real particles, those virtual particles do not decohere the
superposition of the excited states and the ground state of composite objects, rather
they can cause false loss of coherence due to their inability to detach themselves from
the object concerned that generates them [28]. As an example, it was discussed in [2§]
that the spatial superposition state of an electron with its attached static Coulomb field
can decohere due to differences of the states of the field associated with two different
positions of the electron, however if these two positions are made come together by
the force field, it can be seen that coherence can be restored and therefore decoherence
caused by the static Coulomb field at the intermediate times is not real. This happens
because the static field mediated by virtual particles can not detach themselves from
the object concerned (i.e., electron), and can not carry away the information.

Similar processes that restore coherence can also occur even when real particles are
traced out if they are controlled in a particular manner. For example, let us consider
an electron which is in a spatial superposition state of being at ;1 =d > 0 or 1 = —d
whose wave-function is written as

1 1 1 2 1 2
_ -z (@1—d) -7 (@1+d)
Y(z1) = E(Qwﬂ)l/‘l (6 G te ' )

(23)
where the width o of the Gaussian distribution is smaller than d so that two Gaussians
have essentially no overlap. Here we choose d/o = 5.

Instead of the situation discussed above where we only had the electron and the
Coulomb field generated by it, we now add a second electron that interacts with the

first one through the Coulomb field. Then the Hamiltonian can be written as
R }32 ﬁQ q2
7 TR R — (24)
2m 2m 47T€0|.CE1 — a:2]

We place the second electron at the origin x5 = 0 so that its wave-function can be
written as
Brs) = o (25)
(2r02)1/4 :
If we start with the initial wave-function which is in the pure state, ¥ (x1)¢(z2), the
time evolution by the Hamiltonian (24)) makes two electrons get entangled with each
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Figure 6. (a) The time evolution of the entanglement entropy which measures the
entanglement between x; and xo given by H and H' respectively. (b) Interference
pattern produced by the reduced density matrix in x;. The time evolution of the
density matrix is given by H (left) and H’ (right) respectively.

other since if the second electron is repelled in the negative direction, we know that
the first one is at x; = d, while it is at ;1 = —d if the second one is repelled in the
positive direction. As a result, tracing out the position x5 of the second electron causes
the spatial superposition state of the first electron to decohere. Indeed, it can be
seen that the entanglement entropy that measures the entanglement between x; and
s increases with time when the whole system evolves according to H (Figure @ (a))
and the interference pattern produced by the reduced density matrix in z; (obtained by
tracing out x5) when two Gaussians of overlap and interfere with each other after
the time evolution, is largely suppressed (Figure |§| (b, left)).
Now we attach the second electron to a spring:

|
H = H+ §cx§ (26)

so that the spring tries to pull it back toward the origin after some time. Then the second
electron becomes bounded in a limited region and one is able to restore coherence. In
Figure @ (a), it can be seen that the entropy increases initially, but the spring tries to
pull the second electron back when it gets far away from the origin and the entropy
decreases again if the system evolves according to H’ and the clear interference pattern
(Figure@ (b, right)) can be observed. In the figures, Pl = 1/200 is chosen.

This type of behavior, which is often called a recurrence phenomenon, can be seen
when the system is bounded in a limited region of space [29] [30]. For example, if we
have real photons that are emitted and travel off to infinity so that they can not come
back into the system, then the information is carried away by them and coherence can
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not be restored. On the other hand, if we put mirrors that bounce the photons back
into the system, then the information and coherence can be restored.

False loss of coherence [28] caused by tracing out virtual particles and soft particles
that are tied to the system is the extreme case where the information can not even be
detached from the system by those particles traced out. Therefore, the Coulomb gauge
and the transverse-traceless gauge are generally useful when one is only interested in
the far field radiation problems and real loss of coherence.

The discussions above would be valid even if photons are replaced by gravitons, as
long as one introduces the strong assumptions as we have done in section 3.1. However,
in general relativity, the observer is normally considered as internal, and is affected by
spacetime structure made by the system concerned and himself and his backreaction on
it etc. Furthermore, matter causes the flow of time to vary. It was then suggested in
[T1, 12] that the superposition of matter causes the superposition of time which may lead
to gravitational decoherence as the quantum gravity effect. It is still an open problem
how the quantum mechanics of an internal observer [31], [32] or quantum reference frame
[33, [34] can be related to those studies of gravitational decoherence, and the relations
between observables of the internal observer and those of external observer or those
evaluated by one coordinate/gauge fixing and by the other coordinate fixings [14] are
still unclear. Those questions are beyond the scope of section 3.1, and we performed all
calculations of section with the assumption that the observer is external and is in
the source-free region in flat spacetime.

4. Conclusion

Unlike a single point particle coupled to the environment, a composite object coupled
to the environment can exhibit complicated quantum behavior. It is often the case
that the environment acts only on one degrees of freedom of the object, while it has
observable consequences for the other degrees of freedom of it, since these degrees of
freedom of the object can be entangled or correlated with each other. As a relatively
simple example, we studied quantum tunneling of a composite object, whose dipole or
quadrupole moment is coupled to the photon or gravitational radiation field, through a
0 potential barrier.

Many studies have been done on dissipation and decoherence effects in quantum
mechanics of a single particle coupled to the environment. Meanwhile, when one studies
decoherence caused by dipole and quadrupole moment radiation, normally decoherence
acts on superposition states involving two or more particles consisting the corresponding
dipole and quadrupole moment. In [8, [, [10], dipole moment or quadrupole moment
of the composite system consisting of a particle and device of superposition experiment
(e.g., slit, mirror) was considered. In such a situation, not only a particle, but the device
is also considered to be in the superposition state, i.e., |particle passing through left
slit> [left slit kicks the particle to the right> +|particle passing through right slit>|right
slit kicks the particle to the left> where the kick gives the momentum transfer from
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the device (slit) to the particle so that superposed paths get recombined. In this
way, superposition of dipole moment or quadrupole moment of the composite system
(particlet-device) was introduced in [8, [, [10]. However, in a realistic situation, it
may be easier to access parameters involving superposition states of atom or molecule
with its dipole or quadrupole moment. This is another reason why we attempted to
study quantum mechanics of composite object (instead of a single particle) coupled
with quantized radiation field in this article.

Firstly, it was observed that although the c.m. degrees of freedom of the object does
not directly interact with the radiation field, dissipation caused by it can decrease the
quantum tunneling rate of the object in the c.m. degrees of freedom. This phenomenon
can be seen when the initial state of the oscillator in the relative coordinate is prepared
in the excited state. It is because the state can decay into the ground state due to the
photon emissions, and the object with its oscillator being in the ground state sees the
high potential barrier.

Secondly, we have seen that the spatial superposition state of the object created
by the tunnelling process can decohere by the coupling between its relative coordinate
degrees of freedom and the radiation field. We found that the propagation of the object
through the barrier can make its c.m. and its relative coordinate degrees of freedom
entangled with each other when the initial energy of the c.m. motion is similar to
that of the excited states of the oscillator. Consequently, tracing out the radiation
field results in suppression of the spatial superposition state of the object in the c.m.
degrees of freedom. On the other hand, this fact demonstrates that one is able to
avoid such decoherence by preventing the creation of the entanglement between the
c.m and the relative coordinate degrees of freedom while the object interacts with the
barrier, e.g., by decreasing the energy transfer between the two degrees of freedom.
Note that, in this article, we had the relatively simple entangled state created which
is similar to the GHZ state, ~ |c.m. transmit)|rel ground state)|no photon emission) +
|c.m. reflected)|rel excited states)|photon emissions) + --- up to normalization. With
more complicated entangled states, the notion of the superposition state and
decoherence can become more involved.

The work shows that the study of quantum behavior of a composite object coupled
to the external environment requires careful handling of different types of interplays,
(i) among the c.m, the relative coordinate degrees of freedom and the potential barrier,
and (ii) between the relative coordinate degrees of freedom and the radiation field (i.e.,
environment), and it can provide rich complex phenomena which can not be seen in
quantum physics of a single point particle coupled to the environment.

Finally, due to the increasing interest in gravitational decoherence, we discussed
the situation in which the photon field is replaced by gravity. Since linearized gravity
is similar to electromagnetism, it is possible to derive the master equation in a similar
way to that for photons, but with the strong assumptions that that observer is external,
is in the source-free region, and the energy-momentum tensor of the object and the
gravitational radiation field generated by it can be quantized. We concluded that our
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simple model can be used to exhibit the decoherence due to gravitational waves if they
can be quantized since it provides the spatial superposition state of the object which is
entangled with the superposed quadrupole moment.

Acknowledgments

This work is largely benefited from fruitful discussions with W. G. Unruh and we
appreciate his important comments. We also thank B. L. Hu, G. W. Semenoff, M. Hotta,
J. J. Halliwell, C. Anastopoulos, T. Momose and Y. Shikano for helpful discussions and
support. F. S. is partially supported by a UBC international tuition award, UBC faculty
of science graduate award, the research foundation for opto-science and technology and
DAAD Research Grants. The work was supported by NSERC Discovery grant and CFI
funds for CRUCS.

References

[1] Arndt M et al. 1999 Nat. Phys. 401 680

[2] Pikovski I, Zych M, Costa F and Brukner C 2015 Nat. Phys. 11 668-672

[3] Gooding C and Unruh W G 2015 Found. Phys. 45 1166

[4] Momose T et al. 1998 J. Chem. Phys. 108 7334-7338

[5] Tsubouchi M and Momose T 2008 Phys. Rev. A 77 052326

[6] Queisser F and Unruh W G 2016 Phys. Rev. D 94 116018

[7] Suzuki F, Litinskaya M and Unruh W G 2017 Phys. Rev. B 96 054307

[8] Breuer H P and Petruccione F 2001 Phys. Rev. A 63 032102

[9] Breuer H P and Petruccione F 2002 The Theory of Open Quantum Systems (Oxford)

[10] Suzuki F and Queisser F 2015 J. Phys. Conf. Ser. 626 012039

[11] Penrose R 1996 General Relativity and Gravitation. 28 581-599

[12] Diési L 1987 Phys. Lett. 120A 377-381

[13] Blencowe M P 2013 Phys. Rev. Lett. 111 021302

[14] Gooding C and Unruh W G 2014 Phys. Rev. D 90 044071

[15] Mari A, De Palma G and Giovannetti V 2016 Sci. Rep. 6 22777

[16] Feynman R P and Hibbs A R 1965 Quantum Mechanics and Path Integrals (McGraw-Hill, New
York)

[17] Novotny L and Hecht B 2012 Principles of Nano-Optics (Cambridge University Press)

[18] Feynman R P and Vernon F L 1963 Ann. Phys. 24 118 and 2000 Ann. Phys. 281 547

[19] Caldeira A O and Leggett A J 1983 Physica. 121 A 587

[20] Japha Y and Kurizki G 1996 Phys. Rev. Lett. 77 2909

[21] Braun D and Martin J 2008 Phys. Rev. A 77 032102

[22] Fujikawa K, Iso S, Sasaki M and Suzuki H 1992 Phys. Rev. B 46 10295

[23] Caldeira A O and Leggett A J 1983 Ann. Phys. 149 374

[24] DeWitt B 2003 The Global Approach to Quantum Field Theory (Vol. 1 & Vol. 2) (Oxford)

[25] Fierz M and Pauli W 1939 Proc. Roy. Soc. Lond. A 173 211

[26] Anastopoulos C 1996 Phys. Rev. D 54 1600

[27] Anastopoulos C and Hu B L 2013 Class. Quantum Grav. 30 165007

[28] Unruh W G 2000 In Relativistic quantum measurement and decoherence, eds Breuer H P and
Petruccione F (Springer), pp 125-140

[29] Poincaré H 1890 Acta Math. 13 1-270

[30] Schulman L S 1978 Phys. Rev. A 18 2379-2380



Quantum tunneling of composite object coupled with quantized radiation field 19

[31] Aharonov Y and Reznik B 2000 Phys. Rev. Lett. 84 1368

[32] Aharonov Y, Massar S and Popescu S 2002 Phys. Rev. A 66 052107

[33] Aharonov Y, Oppenheim J, Popescu S, Reznik B and Unruh W G 1998 Phys. Rev. A 57 4130
[34] Angelo R M, Brunner N, Popescu S, Short A J and Skrzypczyk P 2011 J. Phys. A 44 145304



	1 Introduction
	2 Composite object coupled with the quantized photon field
	2.1 The master equation
	2.2 Quantum tunneling and dissipation
	2.3 Decoherence

	3 The case for gravity
	3.1 Composite object coupled with the quantized gravitational field
	3.2 Lorenz gauge and false loss of coherence

	4 Conclusion

