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Abstract

Vacuum excitation by time-varying boundary conditions is not only of fundamental importance
but also has recently been confirmed in a laboratory experiment. In this paper, we study the vac-
uum excitation of a scalar field by the instantaneous appearance and disappearance of a both-sided
Dirichlet wall in the middle of a 1D cavity, as toy models of bifurcating and merging spacetimes,
respectively. It is shown that the energy flux emitted positively diverges on the null lines emanating
from the (dis-)appearance event, which is analogous to the result of Anderson and DeWitt. This
result suggests that the semiclassical effect prevents the spacetime both from bifurcating and merg-
ing. In addition, we argue that the diverging flux in the disappearance case plays an interesting role
to compensate for the lowness of ambient energy density after the disappearance, which is lower
than the zero-point level.
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1 Introduction

There is general belief that quantum effects dominate in a final stage of some physical phenomena to
avoid undesired results predicted by classical theories. In the context of gravitational physics, one may
say that the chronology protection conjecture is a manifestation of such belief stated in a verifiable
form [I]. This conjecture asserts that the emergence of a closed timelike curve, which can be thought of
as a natural time machine and lead to paradoxes, would be prevented by the backreaction of explosive
particle creation.

A wormhole of spacetime has many interesting properties but is unfavorable in the sense that
its existence leads to the emergence of closed timelike curves [2]. It is not surprising if semiclassical
effects act in the direction of preventing the dynamical formation of wormholes, even if it is allowed
in classical frameworks.

The formation of a wormhole can happen in the merger of disconnected two spaces (see the right
panel of Fig. [[l, and see Ref. [3] for a simple exact solution to the Einstein equation representing such
a wormhole formation). Quantum fields living in such a spacetime will undergo the drastic change of
their environments. For example, the spacetime merger gives rise to the sudden increase of spatial
volume and the sudden change of boundary conditions for the quantum fields near the merger point.
What we are concerned in this paper is whether or not these sudden changes excite the vacuum of
quantum fields and the backreactions to the spacetime play crucial roles.

Particle creation in the spacetime merger has not been studied extensively in the literature, as
far as the present authors know (but see [4]). On the other hand, the particle creation in some
situations analogous to the spacetime splitting (see the left panel of Fig. [[l) has been investigated in
the literature. A pioneering work is that of Anderson and DeWitt [5]. They considered the dynamical
change of spatial topology, S' — S! + S! (consider the cut of the boundary of splitting spacetime in
Fig. M by constant-time planes), and the vacuum excitation of a test scalar field in such a background.
They found that an explosive flux of created particles is emitted from the ‘crotch’, suggesting that the
backreaction prevents the spacetime from bifurcating. This conclusion was supported by [6].

In this paper, we consider a test scalar field in a 1D Dirichlet cavity. We assume that a both-sided
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Figure 1: Schematic pictures of spacetime splitting (left) and merger (right).
Quantum fields living in these spacetimes undergo the drastic change of environ-
ments such as boundary conditions.



Dirichlet wall can appear and disappear instantaneously at the center of cavity, which mimics the
sudden splitting and merger of spacetime, respectively. As we will see, when the central wall suddenly
appears, the initial vacuum is highly excited to result in a strong flux in an almost same way as
the Anderson-DeWitt analysis. Namely, the flux contains a delta function squared multiplied by a
logarithmically diverging factor. On the other hand, when the central wall suddenly disappears, the
initial vacuum is also highly excited to result in a diverging flux, although it does not contain the
delta function squared.

As we will see, the total number of created particles diverges both in the appearance and disap-
pearance cases. This means that two ground states defined when the Dirichlet wall is absent and
present are orthogonal. Namely, the vacuum structures are completely different before and after the
appearance and disappearance. Therefore, we expect that the diverging flux appears in the both cases.
In fact, we will see that this is the case. We will discuss this point in Conclusion again.

Before starting our analysis, we note that the vacuum excitation by time-varying boundary con-
ditions, as those considered in this paper, is not only interesting from the gravitational physics point
of view, but also one of hot topics in the fundamental studies of relativistic quantum field theory.
As predicted by Moore in 1970 [7], the non-inertial motion of cavity boundary induces the emission
of photons, which is called the dynamic Casimir effect. Although the rapid acceleration of bound-
ary, of which speed has to be comparable with the speed of light, was experimental challenge, the
boundary motion turned out to be effectively realized by modulating the electromagnetic properties
of boundary with high frequencies. Then, the particle creation was recently observed in a laboratory
experiment using superconducting circuit [8]. It is beyond the scope of the present paper to list the
references before or after this experimental breakthrough. See, e.g. [9], and references therein for
recent developments and updated interests such as the quantum information theory and black-hole
firewall problem.

The organization of this paper is as follows. In Sec. 2] we investigate the vacuum excitation due to
the sudden appearance of the both-sided Dirichlet boundary. While the obtained result in this section
is up to our expectations, we can prepare for the succeeding investigations and test the validity of our
formulation. In Sec. Bl we investigate the vacuum excitation due to the sudden disappearance of the
Dirichlet boundary. Most parts of the analysis proceed in parallel with those in Sec. 2] but the results
are different. Section M is devoted to a conclusion. The proof and derivation of several equations
are given in Appendices. In particular, the vacuum expectation values of energy-momentum tensor
in both appearance and disappearance cases, which are main results of this paper, are reproduced in
Appendix [C] using the Green functions, rather than the Bogoliubov transformation used in the text.
We use the natural unit in which ¢ = h = 1.
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Figure 2: The sudden appearance of a Dirichlet boundary in a 1D cavity. The
scalar field obeys the Dirichlet boundary conditions at the both ends (z = :I:%)

for —oo <t < oo and at the center (x = 0) for £ > 0. The null lines z4 =tttz =

0 (¢t > 0) and the spatial configurations of mode functions g, and f,(ﬂ) (m,n €
N,~ € {1,2}) are schematically depicted.
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2 Sudden appearance of a Dirichlet boundary

2.1 Classical behaviors of a massless scalar field

We consider a massless scalar field confined in a 1D cavity, which obeys the following equation of

motion
9 9 L L
(=07 +03)o(t,z) =0, —oo<t< o0, —3 <z < 5 (2.1)
We impose the Dirichlet boundary conditions at the both ends
L
o(t, j:§) =0, —oo<t<oo. (2.2)
In addition, we impose another Dirichlet boundary condition at the center after ¢t = 0,
o(t,0) =0, t>0, (2.3)

in order to model the sudden appearance of a perfect mirror in the cavity (see Fig. [2).

Preparing for the quantization of the scalar field, we shall find appropriate positive-energy mode
functions before and after ¢t = 0.

In the past asymptotic region ¢t — —oo, the following {g,,} (m € N) constitute a set of positive-

energy mode functions,

1 cos gmr  (m : odd) mm L
gm(t7x) = ———e "l x y Qm = 7/ T3
vmn singpnx  (m: even) L 2



which satisfy the orthonormal conditions

<gm,gm'> = _<g;~wg;kn’> = Omm/ s <gm7g;1’> =0. (2’5)

Here, the asterisk denotes the complex conjugate and (¢, ) =i f Lﬁz @ Op — Oyp*1h)dx is the Klein-

Gordon inner product, evaluated on a spacelike curve ¢ = const. [I0]. This inner product is conserved,
namely independent of time, whenever both ¢ and ¢ are solutions to the equation of motion (21I) and
vanish on every boundary. Note that the above expression of g¢,,, Eq. (2.4]), is valid only before the
appearance of the Dirichlet wall.

In the future asymptotic region ¢ — +oo, the following { ff(ﬂ)} (v € {1,2}, n € N) constitute a set
of positive-energy mode functions,

0 ~L<sco
—=<ux
(1) — 2~
fn (t7$) Le—wnt sin pya (0 << £) )
vnm - T2 (2.6)
—Le_ip"t sin p,x (—£ <z <0) 9 ‘
fms n = nm
7(L2)(t7$) = nr 2 L y Dn = Ty

which satisfy the orthonormal conditions

GO, 19y = — (£, 1Oy = 6 S, (£, £S5 = 0. (2.7)

Noted that the above expression of fﬂ;y , Eq. ([26)), is valid only after the appearance of the Dirichlet
wall.
We consider the expansion of g, by fy(ﬂ)

ZZ pmnfn +O_1(’;ZTL n )7 (28)

y=1n=1

where the expansion coefficients, called the Bogoliubov coefficients, are evaluated as

P = () gmds o) = —(F%, gm). (2.9)

We take t = 0 as the spacelike curve on which the inner products in Eq. ([2.9) are evaluated. Substi-
tuting Eqs. ([24]) and (2.6)) into Eq. (2.9]), we obtain

2 n
———/— (m:odd) 2 n - odd
o) = 22_711);_77% m C o0 —d Gnrmyr\m (m:odd) - (2.10)
Tém’% (m : even) 0 (m : even)

Here, we note that the expansion (28] for odd m is valid everywhere except for £ = 0 (namely,
almost everywhere in a mathematical sense). This is because the mode functions g,, for odd m can take
non-zero values at x = 0 while the mode functions f,, are always zero by the boundary conditions. We
will look into the implication of Eq. (2.8)) in Conclusion, comparing with corresponding relation (3.2])
in the disappearance case.



2.2 Quantization of the scalar field

The canonical quantization of the scalar field is implemented by expanding the field operator ¢ by
two set of mode functions, {g,, } or { fr(ﬂ)}, as

¢ = Z (bmgm + bingjn) (2’11)
m=1
2 oo
:ZZ N o) 4 gt gy, (2.12)
y=1n=1

and imposing the commutation relations on the expansion coefficients

B2, b ] = Sy By byt = 0, (2.13)
[a’sz’Y)v ag//ﬁ] = 6“{“/’5Tm’7 [a‘gﬁr a’gj,)] =0. (214)

Then, b,, and ag) are interpreted as annihilation operators, and b and am creation operators.
Substituting Eq. (2.8 into Eq. (ZI1]), and comparing it with Eq. (ZI2]), one obtains

= > (P2 b + o)) (2.15)

m=1

Substituting Eq. (ZI5) into Eq. [2I4), and using Eq. (2I3]), one finds that the following conditions
must hold for the two quantizations, Eqs. (2.I1]) and (212]), to be consistent.

Z (pST’Zr)Lpffr’Z;L)’* - 0-7(777)1*0-7(/3;)/) = 577’ 5nn’7 (216)
m=1
S ety — o ell)) =o. (2.17)

3
I

Hereafter, we call these relations unitarity relations. In Appendix [Al we prove that the Bogoliubov
coefficients given by Eq. (Z.I0) satisfy these unitarity relations.

Since we are interested in the particle creation caused by the appearance of boundary, we assume
that the quantum field is in the vacuum state |04) in which any particle corresponding to g,, does not
exist. Such a vacuum is characterized by

bm|0g) =0, (04]0,) =1, ¥m e N. (2.18)

2.3 Spectrum and energy-momentum density

The vacuum [04) contains no particle corresponding to g,, but can contain particles corresponding to
f,gﬁ’). This is examined by calculating the vacuum expectation value of particle-number operator,

> 4n 1
Nt — E 2 = = E—— 2.1
<Og‘a’n a‘n ’09> m:1‘0mn‘ 7'('2 ‘ m(m+2n)2 ( 9)

m:ozdd



While this is finite, its summation over n and -, i.e. the total number of created particles, diverges.
This implies that the Fock space representation associated with b, is unitarily inequivalent to that
associated with a' ﬂ]]l 12).

In order to see directly what happens, we calculate the vacuum expectation value of the energy-
momentum tensorial operator, which is given for the massless scalar field by T, = 0,¢0,¢ —
0 (0¢)?. Here, 1, = Diag. (—1,1) is the two-dimensional Minkowski metric. If one introduces the

double null coordinates, the non-zero components of the energy-momentum operator are
Tyt = (0+0)?, 2y :=t=+u. (2.20)

Note that the energy density and momentum density (or energy-flux density) in the original Cartesian
coordinates are given by T% =T__ + T, and T® =T__ — T |, respectively.

Substituting Eq. (ZII)) into Eq. (2:20)), and using Eq. (24]), we obtain the vacuum expectation
value before the appearance of the Dirichlet boundary,

[e.9] [e.9]

— 2_ T

(0| Tt Og)eco = D 1029m* = 75 D m- (2.21)
m=1 m=1

This is clearly divergent but can be renormalized by standard procedures [I0]. If we remove the

ultraviolet divergence caused by the vacuum energy of the Minkowski space (namely L — o0), then

we obtain well-known finite result as

s

<Og |T:|::|: |Og>ron,t<0 = - W .

(2.22)

Such a negative energy is called the Casimir energy. In the ordinary 3D electromagnetic case, this
kind of negative energy gives rise to an attractive force between two parallel neutral plates put in
vacuum [13].

What we are most interested in is the same quantity after the appearance of the Dirichlet boundary.
Substituting Eq. (2.12) into Eq. (220, and then using Eq. ([2.15)), we obtain

2 e oo 00
=3 ¥ (5o + 00 o Re(0s 05 1) + (065000, + o0 Y Re(04 £ 0, 1))
vy=1 m=1 n=1n'=1
m:odd

2 [e'e]
£ S A Re(0s 100 10, (2.23)

y=1 m: n=1n/=1

To derive Eq. ([Z23]), we symmetrize the dummy indices n and n’. In addition, we use the facts that

Jﬁl% vanishes for even m, and 04 fr(Ll) and 01 fg) have no common support, i.e. 04 fy(ﬂ)(‘)i f7§7 )

Substituting explicit form of Bogoliubov coefficients (2.10]) and mode functions (2.6]) into Eq. ([2:23]),



we obtain

(0g |Tii|0 V>0
o

L2 Z <4m Zcos —I—mzz cos{ m/2) 2+m[27ns1n((é/,;i) > 12 Z m.

= n=1 n=1
m: odd m ovon

(2.24)

This is an even function of zy with period L, as it is invariant under reflection z — —z4 and
translation z+ — z4 + L. Therefore, it is sufficient to calculate it in 0 < z4 < L, and then generalize
the obtained expression to the one valid in the entire domain appropriately.

The first and second summations over n in Eq. (2.24]) can be calculated to give

(Og ‘Tj:j:’() V>0

> nsin(2
L2 Z < [4L%5( )2+m27rzsin2(%%)]+m[2% ) L2 Z m, (2.25)

n=1
m: odd m even

which is valid in 0 < z4 < L. Here, we have used the following formulas,

o0

2k 1
Zcos(—ﬂy = —5 Z 0y —la), (—o0<y< o0), (2.26)
k=1 a Z——oo
k
2 % = _27T_a cos[a(m — y)|cosec(am) + 52" (0 <y <2m), (2.27)

where ¢ represents the Dirac delta function. See Ref. [I4], p. 730] for the second formula.
For z4 =0, from Eq. (228, we have

1 602 7 &
<09‘T:|::|:’09>t>0 = ; m + m Z m, (Z:t = 0) (228)
m= =2
m:odd m:even

For 0 < zy < L, the summation over n in Eq. (2:25]) can be calculated to give
T o0
(09| T2 [0 )50 = 175 ;m (0<z: <L), (2:29)

using the following formula [14], p. 730]

. ksin k:y T

K —a2 2
k=1

Extending the domain of Eqs. (Z28)) and ([2.29)) to the entire domain periodically, we obtain

sinfa(m — y)]cosec(am), (0 <y < 2m). (2.30)

é m (24 =(lL, L € Z)
m=2
<O ’T:tj:‘o t>0 — Z Z 5 Zi — EL mo:gven . (2.31)
mrodd e é Z m  (otherwise)
m=1



From the above result, we immediately see that an infinitely strong energy flux which behaves
as the delta function squared multiplied by a logarithmically divergent factor emanates from the
appearance point of the Dirichlet boundary. Note that the delta function squared means that not only
the energy density but also the total energy emitted diverge. Such a divergent flux suggests that its
backreaction to the spacetime and boundary is not ignorable. See Fig. B for 3D plots of the energy
density and momentum density with cutoff.

We have to pay attention also to the second term on the right-hand side of Eq. (2:31]). Everywhere
except the null lines emanating from the appearance point, this divergent summation has the same
form as Eq. (Z22I). Hence, by the same renormalization procedure, we obtain a finite result for ¢ > 0
which is the same as Eq. [222]) for ¢ < 0. On the other hand, on the null lines, the summation is
different from the previous one. Such a different divergence may yield a non-renormalizable ultraviolet
divergence. Indeed, we present another derivation of Eq. (Z3I]) by the Green-function method in
Appendix [C] and evaluate “a renormalized energy-momentum tensor” by the point-splitting method.
The result gives Eq. (222]) for ¢ < 0 but the following for ¢ > 0:

L o dim s (24 = (L, (€ Z)
Ol Tt lOghrengs0 = = 3 — D7 8z — L 4 247 A=m08TAZ (2.32)
m=l =00 Ty (otherwise)

~2 remains on the null

Thus, in the coincidence limit Azy — 0, an ultraviolet divergence like (Azy)
lines. The divergence like (Az1)~2 suggests that the contribution to the total energy from this term

also diverges.
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Figure 3: The vacuum expectation values of energy density (0g|(T-_+T+)[0g)¢>0
(left) and momentum density (Og|(T-— — T4 )|04)+>0 (right) with cutoff from
which the Casimir contribution is subtracted. We set L = 1 and summation over
modes in Eq. ([Z24]) is taken until n = m = 14. The exact results without cutoff

are given by Eq. ([231]).



3 Sudden disappearance of a Dirichlet boundary

In this section, we consider the sudden disappearance of the Dirichlet boundary (see Fig. [). Since
the situation is a kind of time reversal of that in the previous section, most parts of calculation can
be reused in this section.

tA
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Figure 4: The sudden disappearance of a Dirichlet boundary in a 1D cavity.
The scalar field obeys the Dirichlet boundary conditions at the both ends (x =
+L) for —0o < t < oo and at the center (z = 0) for t < 0. The null lines

zy :=t+ax =0 (¢t > 0) and the spatial configurations of mode functions g,, and

7([7) (m,n € N,v € {1,2}) are schematically depicted.

3.1 Classical behaviors and quantization of the massless scalar field

In addition to the Dirichlet boundary conditions at the both ends (2.2)), the scalar field obeys the
Dirichlet boundary condition at the center before t = 0,

6(t,0) =0, t<0. (3.1)

Then, the positive-energy mode functions in the asymptotic regions ¢ — —oo and ¢ — oo are given by

Eqs. (2.6) and (24]), respectively.
We expand fy(ﬂ) by gm,

W= (@ gm + B g (3.2)

m=1

Here, the expansion coefficients are given by

G = (g F5) = p PG = ~(af £57) =~ 53

where pg;ﬁl and 05,:[% are given by Eq. (ZI0).



The quantization of the scalar field is again implemented by Eqs. (ZII)-(@2I4). Substituting
Eq. (32) into Eq. (212)) and comparing it with (Z.I1), we obtain

2 o0
:ZZ al) 4+ g gy, (3.4)

y=1n=1

Substituting Eq. (84) into Eq. (ZI3), and using Eq. (2I4]), one finds that the following conditions
must hold for the two quantizations, Eqs. (2.11]) and (2.12]), to be consistent.

2 oo

y=1n=1

2 o0
o) B(’Y)’l‘ _ B(ﬁ/)*a(ﬁ)l —0. 36

Il
—

in

)
Il

It is shown in Appendix [Bl that these unitarity relations indeed hold for the Bogoliubov coefficients
given by Eq. (B3).

Since we are interested in the particle creation due to the disappearance of boundary, we assume
that the quantum field is in the vacuum state |0f) in which any particle corresponding to fy(ﬂ) does

not exist. Such a vacuum is characterized by

Dlog) =0, (0f]0;) =1, Vye{l,2}, YneN. (3.7)

3.2 Spectrum and energy-momentum density

The vacuum [0¢) contains no particle corresponding to ff(ﬂ) but can contain particles corresponding
to gpm,. This is examined by calculating the vacuum expectation value of particle-number operator,

2 0 2 n . dd
(O lblbial0f) = S5 180 = o 2 Gy (M0 (3.8)

y=1n=1 0 (m : even)

This is logarithmically divergent for odd m. Therefore, the total number of created particles, i.e.
the summation over m € N of Eq. ([B.8), also diverges. This implies again that the Fock space
representation associated with aw) is unitarily inequivalent to that associated with b,, [11l 12].

Substituting Eq. (Z12) into Eq. (2:20)), and using Eq. (2.0]), we obtain the vacuum expectation
value of the energy-momentum tensor before the disappearance of the Dirichlet boundary,

2 o
@meoZZ@W pZ" (3.9)

We can renormalize this by standard procedures again to obtain a finite result,

™

@. (3.10)

(0| T4]0f)rent<o0 = —

10



What we are most interested in is the same quantity after the disappearance of the Dirichlet
boundary. Substituting Eq. [2II)) into Eq. [220), and then using Eq. [B.4), such a quantity is
obtained as

(o \Tii 107)¢>0

ZZ S S 1098, + a2 B Re(0s gindgo) + (@Gl + B, B Y Re(D4-gm O g

y=1n=1 m=1 m/=1

m:odd m/:0dd
2

=1ln

8

o0

Z Z nm nm’ R‘e(aﬂ:gmaﬂ:gm/) (311)

1 m=2 :2
m:even yy

+
||M8

)

To derive Eq. (BI1]), we symmetrize the dummy indices m and m/. In addition, we use the facts that

(7) vanishes for even m, and implicitly use a few properties of Bogoliubov coefficients (B3] such as
the y-dependence.

Using the explicit form of Bogoliubov coefficients and mode functions, Eqs. (8.3]), (2.10), and (24,

equation (BI1]) is written as

cos(Brzy) > msin(ZT zy)
0f|Ts4]07) § ——LE =) —— L] (3.12)
(0f| T ]0f)e0 = L2 mz_:l m2 — (2n)2] +n[mz_:1 —(2n)? 2L2 Zn
m:odd m:odd

This is an even function of z4 with period L, as it is invariant under reflection z4 — —z4 and
translation z+ — 24 + L. Therefore, it is sufficient to calculate it in 0 < z4 < L, and then generalize
the obtained expression to one valid in the entire domain appropriately.

The first summation over odd m in Eq. (8.12) can be calculated to give

2 2nm = msm( zi
.2 L
(04T 4]04) 50 = L2 g n —Sln (—L zi)+[m§:1 ~(on)? 2L2 g n, (3.13)
m:odd

which is valid in 0 < z4 < L. Here, we have used the following formula [14], p. 733],

> cos[(2k + 1)y T a arm
. 2k +1)2 a]2 = 1o sinl5 (7 = 2y)sec(=-), (0<y <) (3.14)
k=0

It is noted here that there are typos in Ref. [14] p. 733] about formulas (3.14]) and (BI7) (see below).
For z4 = 0, from Eq. 813]), we have

[o¢]
T
T = =0). 1
(07|05 )0 = 57 ;n, (z+ =0) (3.15)
For 0 < z3 < L, we find that the summation over odd m in Eq. (8I3]) can be calculated to give

<Of‘T:|::|:’0f>t>0 S n, (0<zy< L), (3.16)
L2

n=1

11



using the following formula [14] p. 733],

(2k+1)sin[2k+1)y] 7 a am
Ghr12—a? 7 Cosl5 (m = 2y)]sec(=r), (0 <y <) (3.17)

Mg

k=0

Extending the domain of Eqgs. (8.15) and (3.I6) to the entire domain periodically, we obtain

o0
%Zn (240 =L, L € Z)
(0f|Te4(0p )50 = At : (3.18)
7T .
I3 Z n  (otherwise)
n=1
Although we have no term proportional to the delta function squared in contrast to the appearance
case, we have to pay attention again to the diverging summations in Eq. (8I8]). On the null lines,
the energy-momentum tensor ([B.I8)) takes the different form from Eq. (B9). Indeed, the renormalized
stress-energy tensor is given by Eq. (B10) for ¢ < 0 but by the following for ¢t > 0:

us 1
- + lim (24 =L, L€ Z)
(0f|T£|0f )ren>0 = 247{.:2 Az3—0 8TAZ : (3.19)
122 (otherwise)

which diverges on the null lines in the coincidence limit Azy — 0. (See Appendix[Clfor the derivation
of this result using the Green functions.)

The above ultraviolet divergence on the null lines seems to play a physically significant role as
follows. After the Dirichlet wall disappears and the cavity size becomes L for ¢ > 0, the ambient
Casimir energy density remains the same as the energy density with the cavity size L/2 for t < 0.
This means that the amount of energy for ¢ > 0 would be lower than that of the ground state with
the cavity size L if the divergence on the null lines was not taken into account. Thus, it is expected
that this divergent flux would compensate for the shortage of energy in the cavity. This expectation
holds if the total energy radiated on the null lines diverges due to the term proportional to (Az.)™2

4 Conclusion

We have investigated the vacuum excitation of a massless Klein-Gordon scalar field due to the sudden
appearance and disappearance of a both-sided Dirichlet wall in a 1D cavity. While both insertion and
removal of a wall in any realistic situations take finite lengths of time, we believe that the instantaneous
approximation in this paper catches the essential behaviors of quantum fields in various situations
involving relatively rapid merger and disconnection of spatial regions.

For the sudden appearance of the Dirichlet wall, we found that the vacuum is highly excited to
result in the infinitely strong flux given by Eq. (Z32)). This result suggests that the backreaction to the
background spacetime and boundary cannot be ignored. In other words, the background spacetime
is forced to be dynamical and/or the instantaneous insertion of the Dirichlet wall itself is prohibited

12



by the quantum field. We note that the result is quite similar to those in the investigation of the
topology change [5, [6] and the strong curvature singularity [I5], although the boundary condition in
the present work is different from those in the papers.

Also for the sudden disappearance of the Dirichlet wall, we found that the vacuum is highly
excited to result in the infinitely strong flux given by Eq. (819). In contrast to the appearance case,
the renormalized stress-energy tensor does not contain the term proportional to the delta function
squared, although it contains the diverging term proportional to (Az.)~2. The infinite flux is what
we expect from the viewpoint of the number of created particles as mentioned in Introduction, while
the lack of the delta function squared is not.

The asymmetry between the appearance and disappearance cases seems to stem from the difference
of behaviors of two sets of mode functions, { fr(ﬂ)} and {gn,}. First, let us see the behavior of fr(ﬂ).
While f,(ﬁ) is given by Eq. (Z6]) for ¢t < 0, it is expressed as Eq. (32) for ¢ > 0. Here, the point
is that f,(ﬁ) given by Egs. (Z0) and [B.2) coincide in the limit of ¢ — 0, which implies that f,(ﬁ) is
continuous at ¢t = 0. Next, let us see the behavior of g,,,. While g, is given by Eq. [24) for ¢ < 0, g,
is expressed as Eq. [2.8]) for ¢ > 0. In this case, g, given by Eqgs. (Z4]) and (2.8]) do not coincide in
the limit of t — 0 at every point of [-L/2, L/2]. Namely, when m is odd, while lim;,_g g, (£,0) # 0
from Eq. 24]), lim¢— 10 gm(t,0) = 0 from Eq. ([2.8]) (note that the right-hand side of Eq. (28] consists
only of sine functions), which implies the discontinuity of g,, (m € odd) at t = 0. We conjecture that
the existence of such a discontinuity of mode functions is the origin of the square of the delta function
in the appearance case.

Given the results in this paper, we have many things to examine. In particular, it is important to
prove (or disprove) that the present result is not an artifact of simplification and idealization adopted
in our analysis (i.e., the instantaneous approximation, equal lengths of left and right regions, low
dimensionality, scalar field, and so on). The generalizations of this work in this direction will be
indispensable to understand how much the semiclassical effects play crucial roles in the gravitational
phenomena such as the spacetime connection and disconnection.

Finally, let us mention about a problem concerning the divergence of the renormalized stress-
energy tensor in the appearance and disappearance cases. As we have shown, the standard procedure
of the point-splitting regularization gives a finite value of the renormalized stress-energy tensor at the
spacetime point not on the null lines which emanate from the transition point, while it is divergent
on the null lines. We interpret this result as the diverging flux on the null lines for ¢ > 0. However,
the origin of this divergence is not clear within the current analysis. To study this further, we need to
regularize the renormalized stress-energy tensor by some means. One may think that the instantaneous
appearance or disappearance is responsible for the divergence. This possibility can be investigated
by introducing a tractable model with the finite-time change of the boundary condition. With this
approach we can also properly discuss the amount of total energy radiated on the null lines.
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A Proof of unitarity relations (ZI6) and (2.17)

Substituting Eq. (ZI0) into the left-hand side of Eq. (2.10), we obtain

i p ,0 (7)* (v )) _ 16v/ nn/(n + n,) i 1 n l(—l)’H_ﬁf 5
2 Prinbmnt = i’ T R PO TR T
m:odd
(A1)
The summation over odd m in Eq. (Al can be evaluated to give
> 1 2
2 o= = @)~ 6 -
miodd
using the following formulas [14], pp. 688—-689]
> T am
2% FrI? @ da ) (A-3)
o0 2
T () el
Z:O 21<:+1 T 38 tan(—) + Teaz5ec (— 5 ). (A.4)
Substituting Eq. (A2)) into Eq. (A1), we see Eq. (2.I6]) to hold.
Substituting Eq. (ZI0) into the left-hand side of Eq. (2ZI1), we obtain
m_l mn mn Omn Pmn 2 — [m2 _ (2n)2][m2 _ (271,)2] ' :
h miodd
Substituting Eq. (A.2)) into Eq. (A.3), we see Eq. (2I7)) to hold.
B Proof of unitarity relations (3.3) and (3.6)
We define
I, =S (aals — g0 ), g =3 @) 80 - g0l ). (B.1)

n=1 n=1
Then, the unitarity relations (3.5 and (B.0]) are rewritten as

2

Z I = G, Y I, =0, (B.2)

=1
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We will show (B.2)) to hold for every even-odd combination of (m,m’).
For (m,m’) € (odd,odd), from Eqs. (83]) and (2I0]), we obtain

() _ m+m" 0 _  m-—m
Tt = o ot Tt = = e Kot (B.3)

where

_ OO_ 1 Mo = 1
- Z n? — (m’/2)? +( 2 ) Z n2 — (m/2)%][n% — (m//2)?]’ (B.4)

The summations over n in Eq. (B4) are calculated to give

2
Kmm’ = 7Tzémm’a (B5)

using the following formulas [16] pp. 68—-69]

1 m 1
Z ) = — COt(ﬂ'y) 5 (BG)
—yt kR 2y 2y
> 1 w2 o, T 0 0 1
75 = —5cosec”(—) + —cot(—) — =. B.7
,fzzl[(ky)z—l]2 dy? T3 ) 3 B.7)
Substituting Eq. (B.3) into Eq. (B.3)), we see Eq. (B.2)) to hold in this case.
For (m,m’) € (odd, even), using Eqs. (8:3) and (2I0) again, we obtain
L Ly LA B e L L4 (B.8)
mm (m—m)rV m’ "™ (m+m)rV m
From this, we see Eq. (B:2) to hold in this case.
Finally, for (m,m’) € (even,even), using Eqs. (83) and (ZI0) again, we obtain
1
I = 30w I =0, (B.9)

From this, we see Eq. (B.2)) to hold in this case.

C Green-function method

We show another derivation of the vacuum expectation values of energy-momentum tensor, Eqs. (2:21]),

231), 39), and [BI8) by the Green-function method (see, e.g., [10]).
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C.1 Green functions

The mode function g,,, Eq. ([24)), is rewritten as

1 TN TN
— Tz —i 2 .
2/mm (e Pootet ) (m : odd) h

1 _imm _imm
L* —e 'L +) m : even
21'\/%( (m : even)

Then, Hadamard’s elementary function is computed as

gm(2-, 24) =

G(zoy 24520, 24 ) = (0g{B(2—, 24), B(2L, 24) }0g) (C.2)

= D lgm(z—s24)gm (21, 24) + g3 (2=, 24 ) gm (2, 2 )] (C.3)
m=1

_ i Z i {6 iME N e BENzy e—zM(z,—z++L) e i%(z+—zL+L)] +c.c. (04)
4 = m

_ 1 [ sin?(mAz_/2L)sin?(rAzy /2L) (C.5)

dr cos?(m(z— — 2,)/2L) cos?®(m(z4 — 2.)/2L)

where Azy := z3 — Z/, and c.c. denotes the complex conjugate. In the last line, we have performed
the summation over m after replacement Azy — Az —ie, where € is a real small parameter, in order
to make it converge. On the other hand, the Pauli-Jordan function is

iG(o, 2432, 2,) = (Ol[6 (e, 24), 0, 2,)][0,) (C.6)
= D lom(z— 24)gm (21, 24) — g (o=, 21 )gm (21, 24)] (C.7)
m=1
i = i 1BENz — 2T Az =i (2o =2/ +L) _—i™(z4—2' 4+L)| _
T mzz:l - { L +e "L e L + e L ] c.c. (C.S)

= Z [0(Az_ —2mL) + 0(Azy —2mL) — 6(2— — 2, — (2m — 1)L) — (24 — 2_ — (2m — 1)L)],

- e - 7 _—i(z—ie) _ N Tl i) — sin(m -
Z - In[l —e |, In(—x + ie) — In(—x — ie) = 2mif(x) H< >

The mode functions fy(ﬂ), Eq. (2.6]), on each support is rewritten as

) R R a2t <zr<

FO(z,2) = %wﬁ( i ) (0<2<L/2) o
(2) —z‘QMz,_ —32nT . . < < ' '
FO(z,2y) = 22%%< i) (1222 20)
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Hadamard’s elementary function and Pauli-Jordan functions are given by

2

Flom, i 2, 2 = 0o 20, 0L, Z0HOp) = S0 PO (oo, 24521, 2, (C.12)
«/:1
Z’F(Z—7Z+;Z,—72{i-) = <Of‘[(]5(2_72+),¢( ’0f ZZF Z—7Z+7 72’{{-)7 (013)
where
FO (o 22l ) = Y [0 (s 2 ) O (2L 20 4 S (o 2 ) AV (21, 2L)] (C.14)
n=1
1 = 1 —zzmrAzf ”Az Ly p— — 20T (2!
24—;;[ +e” e W e *)]—Fc.c. (C.15)
B _i [ sin?(rAz_/L)sin?(mAzy /L) (C.16)
C dm o [sin?(m(z —z+)/L)s1n (m(z — 2)/L)]" '
ZF(’Y) (’Z—v Bt 2 7’2{1-) = Z[ ™ (’Z—7 Z+)f(ﬁ/)*(z/—7 zil—) - fr(Lﬁ/)*(z—v z-l—)fr(:/) (Z/—7 Zfi—)] (017)
n=1
11 —ZZ”JAZ, —Z—Az Ty — 2T (o !
24—;;[ +e + e L Y et *)]—c.c. (C.18)
= —% [0(Az_ —nL)+ 0(Azy —nL) —0(z— — 2, —nL) — (2 — 2 —nL)]. (C.19)

Hereafter, we should keep in mind that £(?) and F) are non-zero and given by the above expressions,

ie., Eqs. (CI5), (CI6), (CIR), and (C19), only on each support of () (y = 1,2). For example,

FO =0in —L/2<z<0and F® =0in0<z < L/2.

C.2 Appearance of the Dirichlet wall

For t < 0, the energy-momentum tensor is given by

1
<0g|T:|::|:|0g>t<0 = 5 higi a:l:a:I:GY(Z—7 Rt Zl—) Z:,-) (020)
Zt
[ee]
=372 Al m 02 m (e‘Z”mAzi + e”mAzi) (C.21)
24—
1 1
— " lim = lim (C.22)

16L2 Azi—0sin?(mAzg /2L) 4812 Azp—0 4wAZ3]

where the last divergent term, which is independent of the cavity size L, can be subtracted as the zero-
point energy with the cavity size L = co. Thus, we have reproduced Eq. (221)) by the Green-function
method.

For ¢t > 0, the energy-momentum tensor is given by

1 . ) . =
(09| Tt [0g) >0 = 5 lim 0404 [(iFac)(iFpp)Gep), (C.23)
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where A := (2_,z4) and B := (2,2 ). In abbreviated notation, a capital Latin index denotes
one point on the spacetime and the same indices denote the Klein-Gordon product, such as Fap =
F(z_, 24522/ ) and ¢aha = (¢, 7).

For ¢t > 0, we can also obtain the energy-momentum tensor from a Green function. However, since
the boundary condition has changed for ¢ > 0, the Green function for ¢ > 0 will differ from one defined
by (C2). In order to obtain the Green function for ¢t > 0, we should propagate G at t = 0, by using
F'. For example, if a scalar field is given by ¢o(z—, z1) and Orpp(2—, z+) at t = 0 as initial data, then
for ¢t > 0 we have

br0(z—, 24) = (iF (2, 2452, 24 ), ¢ (2L, 21 ) |wr=0 = /dm’(F@t/gbo — ¢y F) . (C.24)
=0
Using
AV .
0+F (2,242,272 ) = ~5 Z [0(Aze —nL) — 6(z+ — 25 —nL)), (C.25)
010y F(2_, 24,2,z :F Z Ou[6(Azs —nL) + 6(z4 — 2% —nL)], (C.26)

we have for 0 <z < L/2,

L)2

Or(iFM (2 22 2 gm(z, 2 W o = | d2'[04FV 0y gy — gmds0p FO) (C.27)
0
o0 L/2
=— Z dr'[6(z+ F &' = nL)0ygm — 0(2+ £ 2" — nL)0gm]
n=—o0 0
00 z'=L/2
1 / /
+ 5 Z [0(z+ F2' —nL) +6(zx £ 2" —nL)|gm (C.28)
n=—oo x'=0
We evaluate them respectively as
o0 L/2
L (iFW g My—g = — Z / da'[6(z4 — 2" — nL)d gm — 6(24 + 2" — nL)d _gn)
n=—oo "0
| & z'=L/2
+3 Z [6(z4 — 2’ —nL)+ 8(z+ + 2" — nL)]gm (C.29)
n=-—0o =0
= Z [H§/2(Z+ - nL)afg-gm’mEu—nL - H(iL/z(Z-i- )8 gm‘w’z—z++nL Z 6(z4 — nL)gm|a=0
(C.30)
0(z4 —nL) /mm _jmx, n
—n__oo{ ( i—/% ) +1 57 ¢ " +(=1) [H(iL/2(z+ —nlL) —HOL/2(2+ —nL)]} (m : odd)
T Z HL/L2/2 —nlL) (m : even)
(C.31)
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and

00 L/2
O GF D, gullis == S [ da'lS(=- +a' —nL)0gn — 5= — 2’ — L), gy

n=—c0"”0

00 z'=L/2
- % [6(z2— + 2" —nL) + (2 — 2’ —nL)]|gm (C.32)
n=—oo IE,ZO
- Z [HOL/Q(Z_ — nL)@fkgm|x/:Z7_nL — H(lL/z(z_ —nL)d gm|y=—2 tnr] + Z 0(z— — nL)gml|e—o
(C.33)
{(5(2_ —nL) /mm _jme

\/W +1 5T ¢ Z*(—l)"[HO_Lﬂ(z_ —nlL)— HOL/z(z_ - nL)]} (m : odd)

mr L/2
Z II L/2 z_ —nlL)

(m : even)
n=-—o0o

(C.34)
The last two results of calculation are written in the following short form

8i<iF(1)(Z—7Z+; ! —HZ / ) gm(z/—Vzil-)Ht/:O

NI jm n
¥ Z [ d(z4 —nL)+1 5T € © (=)L (22 —nL)|  (m:odd) (C.35)
/TN —iMZj: .
For e ! (m : even)
Here, I1%(2) (a < b) denotes a rectangle function defined by
0 (x >b,x <a)
b
a 1
3 (x =a,b)
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As a result, for ¢ > 0 the energy-momentum tensor is given by

1 o0
(0g|T++|04)>0 =3 AL lim Z ((FW (2, 245U, V), g (U, V), (iFD (2 25U V'), g (U, V) + cc.
%
i i(5(ch —nL)* + ! lim i mr (e_"%mi + ei%Azi> (z+ =nlL)
—1 mm 2 Az1—0 —o 412
— nq?o_dd mn?e;en
1 : S mm —zm"rAz Az
§Ailfi>0n;m (e e i) (22 #nl)
— 1 ™ 1
— §(ze —nL)?— T lim — L
m§—:1 mﬂ(s(zi nl) 242 Azimo 8TAz2 (24 = nl)
= miodd )
T i (22 # L)
A8L2 A0 AwAZL -

(C.37)
where n is a non-negative integer. Note that, while we have focused on the domain 0 < x < L/2
using F(M| the energy-momentum tensor as well as (C37) can be obtained by using F 2) also for
—L/2 < x <0. Thus, we reproduce Eq. (Z31]) by the Green-function method.
We can implement the regularization of the stress-energy tensor following the standard procedure.
We subtract the divergent term which exists even in the flat spacetime with Dirichlet walls at x = +L/2
in the limit L — oo. Then, the renormalized stress-energy tensor is then given by

™

<09|T:|::|:|Og>ron,t<0 —@, (0.38)
=1 5 T 1
—(z4 —nlL)* — —— lim — =nL
2_: mm (2 —nl) 2417+ Az 8TAz2 (24 =nl)
<Og’T:|::I:‘Og>ren,t>0 = nq?o_dld . (039)
T
- L
We can see that the energy-momentum tensor is still divergent on the null lines for ¢ > 0.
C.3 Disappearance of the Dirichlet wall
For t < 0, the energy-momentum tensor is given by
1
(04| T4410f)¢c0 = 3. lim 030\ F(z—, 2132, 2)) (C.40)
Zl =zt
T - 2 2 m 1
- e e N e A1
17 ali, 2 m (e R et oE A Az O
Thus, we reproduce Eq. (89]) after subtracting the last diverging term.
For ¢t > 0, the energy-momentum tensor is given by
1. . . =
(0[]0 )0 =5 Nim 0404 [(iGac)(iGrp)Fep), (C.42)
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where A = (2_,24) and B = (2, 2/,) again.

Using
1 [ee]
0+ G2, 2452 2 ) = — 3 Z [0(Aze —2mL) — 0(zx — 2% — (2m — 1) L)], (C.43)
1 [e.9]
0r0pGla, 2452 2 ) =F 3 Z 0w [0(Aze —2mL) + 6(2+ — 25 — (2m — 1)L)], (C.44)
we have
L/2
O (iG (2, 24520, 20), fD (21, 2 W |wmo = i dz'[0:GOy £ — £ V0,0, G (C.45)
o0 L/2
=— Z / dz’ [5(zi T’ —2mL)0, fV — 6(zy £2' — (2m — 1)L)8§Ff,s1)
m=—oo 0
=S x'=L/2
+ 3 Z [0(z+ Ta' —2mL) +6(z+ £ 2’ — (2m — 1)L)] M (C.46)
m=—o00 z’'=0
nm :2nT s
- :F_VLe—Z%Zi m;oo I (£2+ — 2mL) (C.47)
and
0
DL (iG (2, 2q5 2" 28), fD (21 28 Wm0 = / dz'[0:GOy f12) — £ 0.0,G (C.48)
L2
-+ —Vz”e—i”‘%% 3N T, (kz —2mL). (CA49)
As a result, for ¢ > 0 the energy-momentum tensor is given by
(04Tt [0 )0
2 oo
B 1 . . . /. Y B 1Y IV
=5 JJim, Oggai<20(z_, 2 U V), fOU, V)OLGG (2, 2 U V), F (U7, V) + ce. (C.50)
1 : S nmw, 2w A, P20 Az _
ol 30 TR P (e )
— : " (C.51)
. nm —i27”r Az i27L7r Az
5l D A (e
T 1
_ — lim ——— =mL
2417 Azyos0 STAZL (24 =mL)
_ 7 (C.52)
~ T lim _ (z+ #mL)
1202 Azis0 AnAZ2 -
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where m is a non-negative integer. Thus, we have reproduced Eq. [BI8]) with the Green-function

method. The renormalized stress-energy tensor is given by

™

(0] T4+ |0f)ren,t<0 BETYER (C.53)
T
——+ lim — (24 =nlL)
2 2
<Of‘T:|::|:’0f>ren,t>0 = 247;_[/ Azl 87TAZ:|: . (054)
T 212 (7 # nL)

We can see that the stress-energy tensor is still divergent on the null lines for ¢ > 0.
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