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We calculate the false-vacuum decay rate in 1D quantum mechanics on the basis of the
saddle-point approximation in the Euclidean path integral at finite temperature. The saddle
points are the finite-7" and shifted bounce solutions, which are finite-period analogs of
the (zero-temperature) bounce solution, and the shot solutions. We reexamine the zero-
temperature result by Callan and Coleman and compare it with the zero-temperature limit
of our results. We also perform some numerical calculations to illustrate the temperature
dependence of the decay rate and compare it with the result by Affleck.

Subject Index A46, A47, A64, B87

1. Introduction

Even though the electroweak phase transition in the standard model seems to be a
crossover [1,2], some possible extensions of the Higgs sector may cause a first-order phase tran-
sition and would lead to very interesting consequences. A well known example is electroweak
baryogenesis [3] (see also Refs. [4-7] for reviews). Recently, much attention has been paid to
gravitational waves generated by the collision of bubbles of the true vacuum [8-10] (see also
Ref. [11] for a review) and dark matter production due to the filtering effect [12], or to ultrarel-
ativistic bubble expansion [13].

If the phase transition is of the first order, the unstable “false vacuum” decays into the stable
“true vacuum” through quantum-mechanical tunneling. The decay rate through such tunneling
has been given by Coleman [14,15] by using a saddle-point approximation in the Euclidean
path-integral formalism. See Refs. [16,17] for earlier investigations.

A 1D quantum-mechanical system provides a simple example of such a phase transition and
the decay rate has been calculated by Callan and Coleman [18]. A classical solution called the
“bounce solution” plays the central role in the calculation, and the so-called potential deforma-
tion method is employed to get the imaginary part of the (ground-state) energy. See also Ref. [19]
(especially the appendices) for useful explanations, and the first few sections of Ref. [20] for an
excellent review.

In many applications (in particular in cosmological applications), one would be interested in
extending the Callan—Coleman calculation to finite-temperature cases. Affleck [21] provides a
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Fig. 1. A typical potential under consideration.

finite-temperature version of the decay rate formula. Linde [22,23] also provides the formula
for very high temperature, where the field theory effectively becomes 3D. In those papers, the
formulae are given as natural extensions of Coleman’s formula, without explicitly mentioning
the classical solutions (saddle points) at finite temperature.

In this paper, we derive the false-vacuum decay rate of a 1D quantum-mechanical system
(particle) at finite temperature in the saddle-point approximation by explicitly using the (Eu-
clidean) classical solutions. There are several subtleties that, to the best of our knowledge, have
not been noticed before.

In the following, we outline how to calculate the vacuum decay rate. Detailed calculations are
given in the subsequent sections. Here we want to introduce some basic concepts that will be
important later in this paper.

We put a 1D quantum-mechanical system, described by the Hamiltonian

H= 017, (1)
2m

in contact with a heat bath, characterized by the temperature 7. The potential }J'(x) (see Fig. 1)
has two minima at x = xg (false vacuum) and at x = xt (true vacuum), with V' (xg) =0 >
V (xt). The system is initially in the false-vacuum well, i.e. around x = x, and decays into the
true vacuum. We calculate this decay rate in the equilibrium statistical-mechanics framework.
This means that we assume that the system is almost at thermal equilibrium and the false-
vacuum decay rate is very small, so that the relaxation time is much shorter than the inverse of
the decay rate.

We will see in later sections that the results are independent of the potential shape for x > xr.
One may imagine that ' (x) = V' (xt) for x > xt, so that one does not need to worry about the
reflecting waves.

The basic ingredient of the finite-temperature calculation is the partition function Z, or
Helmbholtz’s free energy F,

Z = =t (e M), @)

where 8 = 1/(kgT).
The trace may be taken in the coordinate space, so that

z=[aywern = [ayn [ Dxwyesn G)
x(£hB/2)=y
where the path integral is over all the paths satisfying the boundary condition x(+8%4/2) = y,
hB/2 dx\ 2
S[x] = / dr | 2 (—x) + V() )
—hB/2 2 \drt
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Fig. 2. Three kinds of classical solutions. The red trajectory denotes the finite-7" bounce solution. The
green and blue trajectories denote shot-F and shot-T solutions, respectively.

is the Euclidean action, and A is a normalization constant.
We consider the saddle-point approximation to the free energy. A saddle point is the (Eu-
clidean) classical solution x.(7),

d? ,
m——xa(t) = V'(xa(r)) =0, (%)
dt?
subject to the boundary conditions
xa(£Bh/2) = y. (6)
We expand the path x(t) around the classical solution x.j(t) and write
x(7) = xa(7) + r(7), (7

where the fluctuation around the classical solution r(t) satisfies the Dirichlet boundary condi-
tions,

r(£hB/2) = 0. (8)

The saddle-point approximation consists of the exponential factor of the classical action, and
the prefactor obtained by the Gaussian integration of the fluctuations.

There are two classes of classical solutions that satisfy the boundary conditions (6). A so-
lution of the first class is “periodic” in the sense that it comes back to the original point with
the same velocity after the (Euclidean) time period 8/ and can repeat the same motion again
and again. On the other hand, a solution of the second class just returns back to the original
position y after S, but the velocity is not the same as before (it changes sign).

In the classical paper of Dashen et al. [24], they consider a stationary-phase approximation
only for the periodic (real-time) solutions. In Section 2, we will show that our calculations for
the periodic classical solutions (after analytic continuation) reproduce their result.

It is amazing that “static solutions” such as the false-vacuum solution x.(7) = xr do not
contribute to the free energy, since such a solution exists only at a single value of y = x so that
it has measure zero in the y-integration.

The periodic solutions are (finite-7") bounce and shifted bounce solutions, which are finite-
temperature analogs of the zero-temperature bounce solution. The (usual) bounce solution
defined at zero temperature starts at the top (x = xg) of the inverted potential —FV (x), mov-
ing down and bouncing at x = xg (V' (xr) = V(xf)), and going back to the top. At finite
temperature, because it travels during only the finite period 8A, a finite-7 bounce starts in
the middle of the slope (x = x},) of the inverted potential, with velocity zero, bounces at
x =x; (V(x:) = V(xp)), and goes back to the original point; see Fig. 2.
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Fig. 3. Shifted bounce solutions. There are two shifted bounce solutions for a given energy (or the period)
and a starting/ending point y.

It immediately follows that such a finite-7' bounce has a minimum period: as the period
decreases, the corresponding finite-7' bounce moves only in the vicinity of x, the top of
the potential wall. Since the inverted potential there may be well approximated as — V' (x) ~
%l V" (x0)|(x — x0)?, the upper limit of the period is given by Boh = 27 /|V"(xo)|. There is no
bounce solution with a period smaller than Byh. In this paper, we restrict ourselves to temper-
atures less than B !, Above this, the main cause of the decay would be thermal rather than
quantum-mechanical tunneling.

Shifted bounce solutions are time-translated solutions of the finite-7" bounce solution; see
Fig. 3. At zero temperature, two bounce solutions that are related by time translation are
not discriminated. On the other hand, at finite temperature, the time-translated solutions have
nonzero initial velocity so that it is useful to distinguish them from the finite-7 bounce solution.

The “just-returning-back” solutions are called shot solutions [20]. There are two kinds of shot
solutions. At low temperature, shot solutions spend most of their time either near the false-
vacuum point xp (shot-F) or near the true-vacuum point xt (shot-T). At the zero-temperature
limit, the shot-F solution behaves like the (static) false-vacuum solution. Perhaps surprisingly,
the shot solutions play a crucial role at finite temperature, though they have not attracted much
attention before.

If we include all of these saddle-point contributions in the partition function (3), the result
would be real, as it appears. It is the choice of the saddle points and the steepest descent con-
tour that leads to the imaginary part. The choice of the steepest descent contour corresponds
to the choice of the boundary condition. (Remember a similar situation in the derivation of
the WKB connection formula by the saddle-point method in elementary quantum mechanics.)
What we need for calculating the decay rate is the steepest descent contour that corresponds to
the Gamow-Siegert [25,26] (GS) boundary condition; i.e. there are only “outgoing (decaying)
waves”.

It is easy to infer that the shot-T solutions are not relevant to the false-vacuum decay, since
they are related to the true vacuum outside the potential wall. The inclusion of the shot-T so-
lutions in the saddle-point approximation would correspond to the inclusion of the “incoming
waves” and the information on the true vacuum.

On the other hand, the shot-F solutions are related to the false vacuum, and the finite-7T
bounce and shifted bounce solutions are directly related to the tunneling of the potential wall.
Note that, at zero temperature, the contributions from the false vacuum and the bounce saddle
points lead to the imaginary part of the ground-state energy, the (minus half of the) decay
rate [20].
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Fig. 4. A schematic presentation for the actions of the classical solutions for various values of y. The
horizontal straight red line corresponds to the finite-7" bounce and shifted bounce solutions. The green
lines show the actions of shot-F solutions. For y € (x;, x{), there are two shot-F solutions. Similarly, the
actions of shot-T solutions are represented as blue lines.

There are two shot solutions with y just outside the regions [xy, x;], with the same period.
They have different values of classical action, and more importantly, one of them supplies the
imaginary part to the free energy!

Figure 4 shows that finite-7" bounce, shifted bounce, shot-F, and shot-T solutions are inti-
mately connected and form three branches. Ignoring the shot-T solutions (because they are
irrelevant to the decay of the false vacuum), there are two solutions for each value of y in the
region [xy, x¢], where x; is the largest value of y for which the shot-F solutions exist. We call the
set of solutions for which the action is larger the imaginary branch, consisting of the finite-7"
bounce and the shifted bounce solutions together with one of the shot-F solutions that sup-
plies the imaginary part to the free energy. The other is called the real branch, consisting of the
shot-F solutions that give purely real contributions to the free energy.

Thus, at finite temperature, we calculate the contributions to the partition function from the
finite-T bounce and shifted bounce, Zg, and from the shot-F, Zr, to obtain

Zos =20+ 5 (25 + 2%), ©)
where Zg) and ZS:) are contributions from the shot-F solutions in the real and imaginary
branches, respectively. The reason why the factor 1/2 appears in the second term is explained
by Callan and Coleman [18]. In their case, the corresponding partition function is

1
Zcc=ZF + EZB, (10)

where Z is the contribution of the static false-vacuum solution x.(t) = xg. The shot-F solu-
tion plays the role of the static false-vacuum solution in our case.

As we have explained, Zgs is complex; the decay rate may be given as

r= —%Im(FGS) _ 2 tan™! (Imﬁ) . (11)
h ,Bh RCZGS
This formula is quite different from the one given by Affleck. We will numerically compare the
temperature dependence of the decay rates calculated with two formulae in Section 5.

The rest of the paper is structured as follows: In Section 2, we calculate the finite-7" bounce
and the shifted bounce contributions, Zg. Because a shifted bounce has a nonzero initial veloc-
ity, its time-derivative of the solution does not satisfy the Dirichlet boundary condition. Thus
the usual collective coordinate method does not work. The trace integral over y in Eq. (3) plays
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a similar role to the collective coordinate integral. The contributions from the shot-F saddle
points, Z, will be discussed in Section 3. We then complete the decay rate calculation. In
Section 4, we first reexamine the collective coordinate treatment of the zero mode by Callan
and Coleman [18]. If one takes the finite time-interval “regularization” seriously, the Dirich-
let boundary conditions with which they work are inconsistent with the collective coordinate
treatment of the zero mode. The collective coordinate method works only with the periodic
boundary conditions. We then calculate the zero-temperature limit of our result. It is different
from that of Callan and Coleman. In Section 5, we perform some numerical calculations to see
the physical implications of our formula. We compare the zero-temperature limit of our result
with that of Callan—Coleman as well as with the WKB result given in Ref. [20], changing the
height of the potential barrier. We find that our formula gives a similar result to that of the
WKB formula, rather than to that of Callan and Coleman. We then show the temperature de-
pendence of the decay rate and compare it with the result of Affleck [21]. As naively expected,
our decay rate increases with increasing temperature. Affleck’s formula, on the other hand, leads
to a perplexing result in certain cases: the decay rate decreases with increasing temperature to
a certain point and then increases. We summarize our result in Section 6.

In the following sections, we employ dimensionless variables for notational simplicity and
numerical calculations. In Appendix A, we explain how to introduce them. Superficially, it cor-
responds to the use of the unit in which # =1 and m = 1. In Appendix B, we illustrate the
method of calculating the ratio of determinants defined with the periodic boundary conditions,
and show that it becomes equal to the ratio defined with the Dirichlet boundary conditions in
the limit of the infinite interval.

2. Finite-7 bounce and shifted bounce solutions
Let us denote the finite-7" bounce solution as xg(t), which satisfies the classical equation of
motion (5), with the boundary conditions

xp(£B/2) = xp, Xp(£p/2) =0. (12)
It is a periodic solution, satisfying

xg(t + B) = xp(7) (13)

for an arbitrary value of t. We denote the value of the classical action for the finite-7" bounce
solution as Sg. The finite-7" bounce solution has the (Euclidean) energy E,
1.
E = Exg — V(xp), (14)
which is equal to — V' (xp,). The energy is determined as a function of 8, or vice versa.
The path integral

Zp & / Dx(t) e (15)
x(£B/2)=xy
may be evaluated by the saddle-point approximation. By substituting Eq. (7), we have
zp & e”SB / Dr(t) e~ 25801, (16)
r(£8/2)=0
where
1 (P2 d’
ASg[r] = = dt 1(t) | === + V" (xp(7)) | (7). (17)
2 —B/2 dt

6/28

920z AInr go uo sasn Aysieniun ewekeqo Aq 2zS¥6./10VEL0/L/SZ0Z/8101e/d)d/woo dno-olwepeoe//:sdiy woij papeojumoq



PTEP 2025, 013A01 K. Harada et al.

The Gaussian integration leads to the determinant of the “fluctuation operator”. But, as is well
known, there are two things to be taken into account.

The first is the existence of the zero mode. Actually, by differentiating Eq. (5) with respect to
7, we obtain

d2
(—— n V"(xB(r))> $a(r) = 0. (18)
dt?
Since xp satisfies the boundary conditions Xxg(£8/2) = 0, it may be regarded as a part of ().
We need to omit the zero eigenvalue from the determinant.

The second is that, since the zero mode xg has a node, there must be a negative mode. The ex-
istence of the negative mode causes the imaginary part in the path integral, and leads eventually
to the decay rate of the false vacuum. See Refs. [18,19,27].

At zero temperature, a shift of the (Euclidean) time for a bounce solution is related to the zero
mode. (See, however, Section 4.1 for the issue of the introduction of a finite time interval.) At
finite temperature, on the other hand, the story is not that simple. The shifted bounce solution,

xp(t; ) =xp(r+ 1) (0 <7 <pB), (19)

does not satisfy xsg(£8/2; t.) = 0 so that it is not regarded as a part of r(t) (remember the
boundary conditions (8)). There is no zero mode in the Gaussian integration.
We consider the sum of the saddle-point contributions of the shifted bounce solutions,

Zg ~ Ne™S® / r dy/ Dr(t) e A5l (20)
Xb r(£8/2)=0
where
Y= st(iIB/Z; Tc) = XB(iﬁ/z + Tc) (21)

is the starting and ending point, and

1 (P2 d?
aSalrinl = [ derto) (—ﬁ Vg rc))) o). (22)

The normalization constant A will be fixed later.

Note that the shifted bounce solutions exist only for y between xy, and x, and the value of the
classical action for a shifted bounce solution is the same as that for the finite-7 bounce solution
for any value of y.

There are actually two shifted bounce solutions for any single value of y € (xp, Xx;); one moves
initially to the right and the other to the left, as shown in Fig. 3. Thus Eq. (22) should be
understood as an abbreviated one; it is the sum of these two contributions. These two solutions
are related by the change of 7. to 8 — ..

These two contributions can be neatly combined by changing variable from y to 7. through

Y =x8(B/2; t.):
P N
Zy~ e f dr. 15a(B/2: ) . (23)
0 Jaet [~ Voo +20)]

We invoke the Gel'fand—Yaglom theorem [28] (see also Appendix 1 of Ref. [19]) to evaluate
the determinant. According to the theorem, the ratio of the two determinants can be written
as the ratio of the boundary value of the eigenfunctions,

det [—j—; + V" (xp(r + rc))] v (B/2)
det O ~ Yo(B/2)

7128
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where ¥ (7) is the eigenfunction of the fluctuation operator,

d2
|:__2 + V" (xp(r + Tc)):| ¥(r) =0, (25)
dt
O is a reference operator of the form
d2
O=——+W, 26
T (26)
and Y () is the eigenfunction of the reference operator,
Ovo(r) = 0. (27)
These eigenfunctions are supposed to satisfy the following boundary conditions:
v (=B/2) = Yo(=p/2) =0, (28)
V(=B/2) = Yo(=p/2) = 1. (29)

We assume that the operator O and its eigenfunction ¥¢(7) is known.
Since u(t) = xg(t; 7.) does not satisfy the boundary conditions mentioned above, we need
another eigenfunction with eigenvalue zero to construct v (7). This is provided by the derivative

of xgg(7; t.) with respect to the energy. Actually, by differentiating the equation of motion
2

_FXSB(I; )+ V' (xp(r: 7)) =0 (30)
with respect to £, we obtain
d2
[_ﬁ + V" (xp(r + rc)):| 0exsp(t; 1) =0, (31)

which shows that v(t) = dgxsg(T; T.) is the one that we need [29].
The eigenfunction ¥ (7) may be written as a linear combination of u(7) and v(7):

Y(t) = Ap() + Bu(). (32)
By imposing the boundary conditions, we get
Au(—B/2) + Bv(—B/2) = 0, (33)
Af(—BJ2) + Bi(—B/2) = 1. (34)
The constants A and B are easily obtained by noting that the Wronskian
W = u(r)v(r) — a(r)v(r) (35)
is equal to 1. Actually,
: : . 1.
W = Xsg0pXsg — XsgOgXsB = OF |:§st - V(st)i| =1L (36)
Because W is a constant, it may be evaluated at t = —f/2. We obtain 4 = —v(—p/2) and

B = pn(—p/2).

Thus, the ratio of the determinants (24) has been calculated in terms of x and v. We can now
rewrite the result in a more useful way.

Because xsg(7; 7.) is periodic, xsg(t + B; 7.) = Xs8(7; 7.), we obtain

d
V(T + )+l + ) = (o), a7)
by differentiating it with respect to £. By setting t = —f/2, we get
d
V(B/2) ~ v(~B/2) = —n(B/2) 50 (38)
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By using this identity and the periodicity of w, we rewrite v (8/2) as
V(B/2) = —v(=B/2)n(B/2) + n(=B/2)v(B/2)
= u(=B/2) (v(B/2) — v(=B/2))

_ 2 dB
= —[u-p/2F 9. (39)

Because the period 8 is a increasing function of E, dB/dE > 0, and u(—p8/2) # 0, we have
¥(B/2) < 0. This means that the fluctuation operator for x;g does not contain a zero mode,
but an odd number of negative modes.

We want to take the fluctuation operator for the finite-7" bounce solution as the reference op-
erator: O = —d?/dt* + V" (xg(7)). The corresponding eigenfunction that satisfies the bound-
ary conditions at T = —/2 is Yo (r) = Xg(r)/Xs(—B/2). As we mentioned earlier, however,
there is a zero mode for the operator and ¥ is actually the zero mode because it satisfies
Yo(B/2) = 0. To remove the zero eigenvalue from the determinant, we introduce an arbitrary
number A and consider the determinant, det[O — A]. Instead of zero, the operator O — A has
the eigenvalue —A. We define the zero eigenvalue removed determinant det’O as

—A
det'© = fim 3O =4 (40)
2—0 —A
We consider ¥¢;, which satisfies
[O — A Yoi(r) =0, (41)

with the boundary conditions ¥, (—/2) = 0 and ¥p,(—B/2) = 1. Multiplying xg(z) with
Eq. (41) and integrating over 7, we get

B/2
0= / dt 55(0)[O = M You(T)
-B/2

B2
= ¥(B/2)¥0r(B/2) — 2 K dt Xg(t)Yoi(T), (42)

by integrating by parts and using the boundary conditions. We obtain
Vor(/2) ST dT xa()oi(r)

_ (43)
- xXp(B/2)
Combining all of them, we have
det[— 4V (p(r +7)|  det[—d+ V(e + 7))
det O T det[O = Al /(=
VB2
220 Yo (B/2)/ (=)
Xp(B/2)

Cim v (8/2)
A—0 fféiz dt Xg(t)Yos(7)

__SBCBRED) )

2
|[xB]]

where we have used limy_.¢ Y0, (t) = Yo(r) = Xg(r)/Xg(—B/2), and have introduced the no-
tation

B/2
sl = / T Gt (45)
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Finally the contribution of the shifted bounce solution (23) can be written as

pe / G [dﬁ }
ZB % N . ;N —
St [+ vty | PR LE

(46)

- N ipe Il [d_ﬁ]ﬁ'
\/|det’ [—dd—:z+V”(xB(r))]‘ |Xs(8/2)| LdE

Note that the Jacobian in Eq. (23) cancels [u(—p /2)]2 in Eq. (39) and the factor i appears
because det'© < 0. The integration over t. is trivial because the integrand is now independent
of ..

The normalization constant A/ may be fixed by using the harmonic oscillator poten-

tial [18,19]:
N [ w
= - . (47)
\/det [_% N wz] 27 sinh(wp)

Furthermore, by using the Gel’fand— Yaglom theorem once again, we have

det |~ + ] _1¥B(B/2)|’ sinh(wp)

det’ [—j— n V”(xB(r))] T
Note that Yo (1) = (1/w)sinh(w(t 4+ B/2)) is an eigenfunction of the operator —d?/dt? + w’
with eigenvalue zero, and satisfies the boundary conditions Yio(—8/2) = 0 and Yuo(—B/2) =
1.
We may now rewrite Eq. (46) in a much simpler form:

(43)

1

B _s[dB]?
Zy ~ Bl — . 49
o~ e 2] (49)

At this point, it is instructive to compare Zg with Eq. (2.12) of Ref. [24],
1 1

A I \2 dEy|? .
tre T — (L) 7 |ZEd]” pitSu(Ty/h-m) 50
e <2nh> ar | ¢ (50)

where T is a time interval, or the period of the classical solution. Changing ' — —if, Eq —
—FE, and S, — —iSg formally, we see that it is identical to our result.

The n-cycle finite-7T and shifted bounce solutions with period §/n are also classical solutions
with period 8. We ignore all of these “multiple-bounce” solutions, because (i) we assume that
the n = 1 contribution is already very small, and (ii) there is a maximum value of » due to the
condition 8 > fBy.

3. Shot solutions and decay rate
A shot-F solution xsp(7; y) starts at x = y going toward to x = xp, reaches the highest point
X = X, and returns to the original position after the time lapse 8:

xXse(£B8/2;y) =y,
xsp(0; y) = X,

Xse(—B/2;y) = =X (B/2; p). (31
We denote the corresponding classical action as Sp(p).
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The saddle-point approximation of the contribution of the shot-F solutions may be written
as
Ne_SsF(y)

Z ~ f dy / . (52)
Xp

det [—dd—:z + V" (xsp(7; y))]

The upper limit x; will be discussed shortly.

Note that, since the initial and final velocities are nonzero, Xsg(7) is not a zero mode of the
fluctuation operator, in contrast to the bounce case.

By using Eq. (47) and the Gel’fand— Yaglom theorem, we obtain

Z 1 d e_SsF(y) (53)
FN — y—,
T Von Ve (B/2: )
where ge(7; p) is the eigenfunction
dz "
[_ﬁ + V7 (xp (7 y)):| Ysr(T; ) =0, (54)

with the boundary conditions ¥e(—8/2; ) = 0 and Ve (—p/2; y) = 1.
We can construct this eigenfunction by using us(t; y) = Xsp(7; ) and vs(t; y) = 9pxsp(T; )
in a similar manner to the case of the shifted bounce solutions:

Usk(T3 1) = —vs(=B/2; Ius(t: ¥) + ps(=B/2; y)vs(T: p). (55)

Thus, we have
VUse(B/2; y) = 2us(=B/2; y)vs(—=B/2; p), (56)

by using Eq. (51) and vs(8/2; y) = vs(—=B/2; y).

For the potential depicted in Fig. 1, the initial velocity is negative: us(—8/2; y) < 0. On the
other hand, the determination of the sign of vs(—8/2; y) requires more careful examination.

If the energy increases, the turning point x; gets closer to x, i.e. shifts to the left. One may
naively expect that the starting point also shifts to the left in order for the particle to return
back to it after the time lapse 8, and thus vs(—f/2; y) < 0. If this is the case, ¥e(8/2; y) > 0
so that Zr is real.

Amazingly, this expectation is not always correct. We numerically find that there is a region of
¥ € (X, xy), for which there are two shot-F solutions for a given time lapse 8, one of which has
vs(—B/2; ¥) < 0, and the other vs(—B/2; y) > 0. The latter shot-F solution leads to an imagi-
nary partition function and thus may be called xgg The shot-F solution with vs(—8/2; y) < 0
may be called xglé).

The eigenfunction (56) may be written in a different way. By differentiating Ssg(y) with respect
to the energy E of the shot-F solution, we find

ds. B2 9% 9
sF(») =/ e [Xsp ;CZ:F V() XsF]

dE "y oE
. X A2 A2 . p OXsF
= |:xsF 9E :|_ﬁ/2 + ,/;/3/2 dr [_XSF +V (xsF)] 9E
= =2ps(=B/2; y)vs(—=B/2; y)
= —Vsr(B/2; y). (57)

For xg) it is negative while for xgﬁ it is positive.
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—— Shot-F(z=0)

—— Shifted-Bounce(z=1)
— 2z=02
z=0.5

2.5

2.0 1

1.0

0.5 1

-0.75 —0.50 -0.25 0.00 0.25 0.50 0.75
T

Fig. 5. A one-parameter family of the classical paths X(z; z) that interpolates the shifted bounce solu-
tion (z = 1) and the shot-F solution (z = 0), numerically calculated for the potential V' (x) = x* — 8x* +
15.9x2.

It is instructive to construct a one-parameter family of the classical paths X(t; z) that in-
terpolates the (shifted) bounce solution X(t; 1) = x4g(t; 7.) with y = xg(+8/2; 7.) and the
shot-F solution x(t;0) = x (‘E y) for each value of y € [xp, x;]. We require that it satis-
fies (1) X(£8/2; z) = y and (11) [dx/dz)._, = r_(t; 7.), where r_(t; 7.) is the eigenfunction of
—d?/dt* + V" (xs(t; 7)) with negative eigenvalue. We use a quadratic function of z,

X(t;z) = (r_(t; t.) — xs8(7; T¢)+X (r )z
+2xsp(7; 7)) — 2x (T3 ) = r_(r5 T )z + X P (s ). (58)

See Fig. 5. Remember that a similar construction was considered by Callan and Coleman to
draw Figs. 5 and 6 in Ref. [18].

One can easily show that the action S(z) = S[X] has a minimum at z = 0 (shot-F) and a max-
imum at z = 1 (bounce). Actually,

ds(zy [P dx [P s | e 4%
_/ dr [—+V()—}_/_ﬂ/2dz[—x+l/(x)]5 (59)

dz —B/2 dz

shows that it vanishes at z = 0 and z = 1, because, at these points, X is a solution of the equa-
tion of motion. Furthermore, we obtain

29(- 8/2 2 /2 ) 2x
dS():/ dt[ 95 Ly }dx+/ dr[—i+V’(£)]%

dz? —B/2 dZ dz —B/2
B2 dx [ d? s [P? ) A5
_ de 2 Ly | &E dr [-%+ V()] ==. 60
fﬁ/ztdz[d2+ ()] Z—i—/ﬁ/zr[)H— (x)]a,z2 (60)

The second term vanishes at z = 0 and z = 1 for the same reason as before. For z = 0, because
there is no negative mode or zero mode, the first term is positive: [d?S(z)/dz*]__, > 0. On the
other hand, because of the condition (ii), the first term is negative: [d>S(z)/dz*]__, < 0. S(z)
is depicted in Fig. 6 for a specific potential.

This implies that the shot-F solution plays a similar role to that of the false-vacuum solution
X = X, that the steepest descent contour may be similar to the Callan—Coleman case, and that
the contribution of the bounce solution has the well known factor 1/2.

For y € (x;, xy), ng) plays a similar role of the finite-7 bounce and shifted bounce solutions.

z=
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25.5 1

25.0 1

24.5 4

24.0 4

S(2)

23.5 1

23.0 1

22.54

22.0 1

T T T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
z

Fig. 6. The classical action S(z) for the parametrized path X(t; z). Colored dots correspond to the bounce
solution (red), the shot-F solution (green), and the interpolating paths (purple and orange) given in Fig. 5.

From these considerations, we arrive at the formula for the decay rate I" at finite temperature:

2 ImZ 2 Zp+ 7
I = —2Im (Fgs) = — tan™! <—GS) =" tan™! % , (61)
B ReZgs B 2Z
where
1
with
1 5 oS
2P~ [t ——. (63)
sF V2 Sy, ds®
aE
; X oS (riy)]
AR i — (64)
sF A/ 27T Xr dS(}_-)
aL

Numerical solutions on the basis of this formula will be discussed in Section 5.

4. Zero-temperature limit
4.1. Zero-temperature result by Callan and Coleman
Before considering the zero-temperature limit of our result, let us recapitulate the results by
Callan and Coleman (CC) [18] for zero temperature, emphasizing the finite time interval 7'
(not temperature in this subsection), which is introduced to regularize the theory. We use the
notation of Ref. [18] in this subsection, to make the comparison easier.

The CC formula (Eq. (2.24) of Ref. [18]) for the decay rate is given by

B
r=|_2_| o8mn
[Znh] ¢

where X denotes the (zero-temperature) bounce solution and B is the bounce action. We would
like to emphasize three points on this formula:

_1
2

x [1+O(n)], (65)

o=

det' [—07 + V" (%)]
det[—9? + »?]

(1) They consider a large but finite time interval 7', which is eventually sent to infinity.
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(2) The determinants are supposed to be defined in the finite time interval 7 with the Dirich-
let boundary conditions at the boundaries t = £77/2.

(3) The determinant det’ is the one with the zero eigenvalue omitted, and the zero-mode
integration is performed as a collective coordinate integration, leading to the factor
(B/2mh):T.

In the saddle-point approximation, they write a general path x(¢) satisfying the boundary
conditions x(—7/2) = x; and x(T'/2) = xy as

X(1) = () + ) enxat), (66)
where
T2
[ i 0m) = 67
~T)2
xp(£7/2) =0, (68)
and the path-integral measure [dx] is defined as
[dx] = [[@rh)2dc,. (69)
The complete set {x,} is chosen as the set of eigenfunctions of the fluctuation operator,
dz
[_W + V”()?)] Xp = ApXy. (70)

Therefore, the determinant det [—3,2 + V”()E)] = [, A is defined with the Dirichlet boundary
conditions (68).

Because x(¢) is a solution of the (Euclidean) equation of motion, dx/dt is the eigenfunction
with zero eigenvalue. The normalization (67) gives

1 dx
xi1(t)= B2 TR (71)

The infinitesimal change of the corresponding coefficient ¢; may be related to the infinitesi-
mal change of the time of the classical solution. Thus df = d¢; B2 and the integration with
the measure (Znh)_%dcl can be done with the measure (B/Znh)%dt, leading to the factor
(B/27h):T.

The calculation described above is, however, not satisfactory. First of all, the Dirichlet bound-
ary conditions are not compatible with the time-translational invariance on which the collective
coordinate method is based. The translational invariance is broken by the very boundary con-

ditions. Second, the relation dt = dclB_% holds only in the vicinity of ¢t = 0. A symptom is ex-
plained in e.g. Appendix B of Ref. [20]: the range of the thus-defined coefficient ¢; is bounded,
incompatible with the integration from —7/2 to T'/2 (eventually, from —oo to 4+00).

In order to have exact translational invariance with a finite 7", one should impose the peri-
odic boundary conditions (in the sense of Section 1) on x(¢): x(—=7/2) = x(T/2), x(—=T/2) =
xX(T/2).

Consider the time-translated classical solution ¥(¢z — #y) and the expansion [20]

X(Z) = )E(t - ZO) + Z En)zn(t - ZO)» (72)

instead of the expansion (66), where the eigenfunctions {X,} now satisfy the periodic boundary
conditions.
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The infinitesimal change of x(z) with respect to the infinitesimal change to 7y may be related
to the infinitesimal change of ¢,

s
dx(t) = %(1 — tg — dto) — %(t — 19) = dzod—’;(z — 1)

s
=dcixXi(t —to) = d5137%d—);(l — 19); (73)

we have dty = dé; B~ . This relation holds for any value of ¢y € [-T/2, T /2]. Thus the integra-
tion over ¢; may be replaced by the integration over #y. That is, instead of Eq. (69), we have
[dx] = (B/2rh)dio [ [(2mh) =2 d,. (74)
n#l
The integration over 7, leads to the factor (B/2nw h)% T.
It is therefore not the amplitude
(0le~HT/M0) = N [dx] e SR (75)
X(£T/2)=0
which Callan and Coleman pretended to calculate (with the Dirichlet boundary conditions
x; = xy = 0), but a path integral with the periodic boundary conditions

N / X [dx] e~ SV (76)
p.b.c.

that one should be calculating with the method of collective coordinates. However, the operator
representation corresponding to Eq. (76) is obscure to us.

Note that Eq. (76) is not the trace

we M = [dy ple My = [ay x| qagesan, )
X(ET/2)=y
Equation (76) does not include a shot-type path x(+7/2) # 0, x(T/2) = —x(—T/2), while
Eq. (77) does.

The determinant of the fluctuation operator should also be defined with the periodic bound-
ary conditions. It contains zero eigenvalue even for a finite 7.

According to the approach described above, the final result that Callan and Coleman should
have obtained is given by the same expression as in Eq. (65) but now the determinants are
defined with the periodic boundary conditions, and the 77 — oo limit is understood.

In this subsection, we pointed out the problem related to the translational invariance and the
collective coordinate, and suggested a viable approach to solve it. Even if we take this approach,
however, it is not completely satisfactory. The bounce solution at zero temperature does not
exactly vanish for a finite 7', so that it has somewhere a point where () is not smooth and thus
X(t) is not a classical solution there. To have classical solutions that are smooth everywhere, one
should consider classical solutions with the period 7', which are in essence the finite-7" bounce
and the shifted bounce solutions considered in Section 2. The best way of obtaining the decay
rate at zero temperature is, in our opinion, to obtain the finite-temperature result and take the
zero-temperature limit of it. That is our next task.

4.2.  Zero-temperature limit of Zp

In the zero-temperature limit (8 — 00), xp — xp = 0, x; = xg, and £ — 0. Since Sp has a
smooth limit (which we call S%), we only need to know how dB/dE in Eq. (49) behaves in the
zero-temperature limit.
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The period 8 may be written as
Xr d
p=2 = ,
w V20V (%) =V (xp))
since X = +/2(V (x) + E) = £,/2(V (x) — V (xp)). When B is very large, xy is very close to x,
so that, for x close to xp, the potential V' (x) may be well approximated by a parabola,

(78)

V00~ V(o) 4 V() — )+ 3V () — ) 19)

Having this in mind, we rewrite Eq. (78) as

i 1 1
=2 d -
§ /xb * {\/2(V(X) —V(x) V2V (xp)(x = xp) + V" (xp)(x — xb)2:|
Hr dx

2 .
5 V2V 0)(x = xp) + V7 () (x = xp)?
The first integral now has a smooth limit when x,, — xp. The second integral is elementary:

2
[v2 (V)
X dx 1 X+yXx (V”(xi))

= In — . (8
5o V2V () = xp) + V() = xp)2 V() e

where X = x; — xp + V/'(xp)/ V" (xp).
For large 8, we get

(80)

B~ JV7(xr) 1 :| n 2 In |:2(xR — XF)

2w
L d _
V V" (xF) /xF * |:\/2(V(x) —V(xp)) X—XF vV (xF)

and thus
: 2 wp 2 2 dx[ TG >>_X—IXF}
ﬂll)n(‘)lo(xb — xp) e’ = 4(xgr — xp)e WTTRE , (83)

where we introduce w = /V”(xg). Note that the right-hand side of Eq. (83) is a constant.
Noting In(xy, — x¢) = In ((xp — xp)e”?/?) — wB/2 and using I'Hopital’s rule, we obtain

, dB/dxy, : B 2
lm —— = lim —— = ——, 84
/32‘20 (Xb — XF)_l /32‘20 ln(Xb — XF) w ( )
where we have taken limg_, o In((xp — xp)e®?/?) as finite due to Eq. (83). We thus find
d 2
lim (xp — xF)—’B =——. (89)
B—o0 dxy, [0)

We also note
dg_dBdx,  dB 1
dE ~ dxy dE —  dxy V'(xp)’
where we have used V'(xy,)(dx,/dE) = —1, which follows from V' (x,) = —E. When 8 is very
large, x is very close to xr, and thus ¥ (xy) & V(xp) + S0 (xp — xp)?. It follows that V' (x,) ~

(86)

?(xp — XF).
Therefore, we find
. dp . 2w
1 — =1 ., - 87
po dE  xon w*(xp — xF)? &7

By substituting this into Eq. (49), we finally get
(88)

2 _
lim Zg/p = lim — ¢~ (0 ZXF)
B—00

i
Yo XF /277 V2w
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4.3. Zero-temperature limit of Zr

In the zero-temperature limit (8 — o0), x; and xp both go to xgr, so that the imaginary branch
solution ngF) does not exist, and we only have the real branch contribution. In this subsection, we
omit the superscript (R) for notational simplicity. The turning point xs goes to xg. The action
has a smooth limit, which we call SSF(y). Therefore we only need to know how /|dSsr/dE| =

V21s(—=B/2; ¥)vs(—B/2; y) behaves to get the limit.

Let us start with vg(—B/2; y) = dgxs(—pB/2; ). Since y = xgg(—B/2; ), one may write it as

dxs dy 1 dy

sU™ 2v = -5 — )
BN = e T TV d

since —V(x5) = E
The period B is given by

y dx
=21 ’
p=2lm /+ V2V (x) = V(xs))

(89)

(90)

where a small positive number ¢ is introduced. By keeping the period fixed and differentiating

it with respect to x,, we have

0=21im | % 1 - 1
S0 dx 20 () = V() V2V (x5 + €) = V(x))
+21im [ ) -
=0 xre RV (x) = V(X))
By adding and substituting 1/,/2(V (y) — V (x,)), we rewrite it as

(dy 1) : :lim/y o -ries) .
dxs ) 2V0) = V(%) 0 xwe RV (x) = V(x)]

and thus
. i [ LTOTTCV 0y gy [T
B—o00 dxs 2 ‘Cs—>XF X V(x)— V(x]:))z x—xe | V(xs) — V(xF)

By substituting this into Eq. (89), we obtain

1 V(y)—V(xp)
hm vs(—=B/2) = r V’(Xs) V(xs) — V(xp)

Let us move to us(—pB/2; y) = Xs¢(—B/2; y). From the energy conservation, we have

us(=B/2: ) = =20V (n) = V(x)).
Note the sign of the right-hand side.
By combining Eqgs. (94) and (95), we obtain

lim ‘M = lim 2J2(V )=V (x:))(V () =V (xp))
B—00 dE B—00 V/(Xs) V(xs) — V(xF)

. 4V (y) = Vixr))
B ﬂll’ng" (x5 — XF)?

’

and this leads to

w? _ Ser ()
hm Zg = lim ,/ f (Xs — Xp)e .
X 2 xF w/V(y) — V(xp)
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4.4. Zero-temperature limit of the decay rate

In order to compute the zero-temperature limit of the decay rate, we need to know the rela-
tion between (x, — xr) in Eq. (88) and (x; — xg) in Eq. (97). For this purpose, let us return to
Eq. (90). In a parallel way to getting Eq. (83), we have

2 Y dx| —————L_
ﬂhm (xs _ XF)Zewﬂ — 40/ . XF)2€ fo [ 20V (x)=V (xg)) «\—xl_-:|‘ (98)

Taking the ratio of Eq. (83) to Eq. (98), we obtain

_ YR wdx
Xp — XF :efy /207 )~V (xp)) (99)

lim
B—o0 Xy — XF

Now, we are ready to calculate the zero-temperature limit of the false-vacuum decay rate,

. . 1 ImZB e_Sg
Im '~ lim — R 5
B—00 B—00 /3 ZsF fo d e SsEW)

XF 2V )=V (xr))

(100)

_ fXR wdx °
Y 2V (x)=V(xg)

This is different from the CC formula (65). Before comparing our result with it, let us rewrite
it in a convenient form. As we show in Appendix B, the ratio of the determinants in the 7" —
oo limit is the same both for the periodic boundary conditions and the Dirichlet boundary
conditions, and is given by Eq. (B29). Thus, ignoring O(#) and using our notation, Eq. (65)
may be written as

Rygy| —e 1
Tce = lgw(xR_xF)e—S%efXF Y|: /2(V(x)—V (xp)) ‘(""Fi|' (101)
T

Interestingly, these two are not completely unrelated. Consider the integrand of the denomi-
nator of Eq. (100),

—Sg ) _ R gy wdx
X() = — o | (102)
V200 () = V(xp)
In the limit y — xp, S%(») = 0, /2(V (y) — V(xF)) = @(y — xF), we may obtain
o i - |
X xp) = o(xg —xp)e’ ™ LVOOTED ] (103)
Therefore, we find that I'cc may be written in terms of X (xg) as
_s0
¢ (104)

Fecc = ——.
VEX (xp)
The factor /7 /w corresponds to the y-integration. For a typical potential, X (y) has a peak

near y = xp, but the peak is not sharp. In the next section, we compare our decay rate with I'cc
as well as the WKB decay rate I'ygp obtained in Ref. [20].
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Fig. 7. Decay rates for the potential V;(x) = a3x> + 8x°. The zero-temperature limits of our result (100),
Ice, and I'ykp are plotted as functions of the parameter a3, which controls the potential barrier.

5. Numerical solutions and comparison with previous work

In this section, we perform some numerical calculations for several potentials.

5.1.  Decay rates as a function of the potential in the zero-temperature limit
We first compare our zero-temperature limit (100) with I'cc (101) and NLO WKB decay rate
I'wks (Eq. (2.19) in Ref. [20]), which may be written as

o2 [P dxr(x)

I'wk = (105)

a dx b dy ,—2(Yd ’
o+ 1 e e

where p(x) = 2(Ey — V(x)), n(x) = /2(V(x) — Ey), and Ey is the “ground-state” energy,
w/2. The classical turning points ¢ and b (xp < a < b < xr) satisfy V(a) = V(b) = Ej.
We consider the potential

Vi(x) = a3x® + 8x>  x € [xr, XF], (106)

which satisfies V'(0) = V/(0) =0, V”(0) = 16 (w = 4) and the parameter a3 controls the po-
tential barrier. Note that the three formulae depend only on the shape of the potential for
X € [xg, xg]. It is necessary that the height of the potential V.« is much larger than the energy
w/2, which would be the ground-state energy if the tunneling were turned off. The range of a3
must be chosen to satisfy this constraint. In Fig. 7, we compare the three decay rates. The decay
rates decrease as the potential height increases, as expected. Our result is similar to the WKB
result in both magnitude and slope, but quite different from the CC result.
Figure 8 shows the decay rates for another potential,

Va(x) = x* — 8x% + arx?, (107)

where the parameter a; is close to 16; i.e. the potential is close to the symmetric case Viym(x) =
x?(x — 4)?. Again, the zero-temperature limit of our result is close to the WKB result, but
different from the CC result.
In Fig. 9, we show the decay rates for yet another potential of nonpolynomial type,
10
cosh(x + ap)’

The result is very similar to that of Fig. 8, for a wide range of the parameter aj.

Vap = cosh(0.2x) + (108)
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Fig. 8. Decay rates for the potential V5(x) = x* — 8x> 4+ a,x?. The zero-temperature limits of our re-
sult (100), C'cc, and Cwyp are plotted as functions of the parameter a,, when the potential is close to the
symmetric case.

le—-12

— C&C
101 — wkB
—— Our Restlt

0.8 1

0.6

0.4 1

0.2 1

0.0 1

0.5 1.0 15 2.0 2.5 3.0

Fig. 9. Decay rates for the potential V;,p(x) = cosh(0.2x) 4+ 10/ cosh(x + ap). The zero-temperature limits
of our result (100), I'cc, and I'ygp are plotted as functions of the parameter «.

5.2.  Temperature dependence of the decay rate

In this subsection, we numerically compute our result (61) as a function of 8~! and compare
it with that of Affleck’s formula, obtained from Eq. (14) in Ref. [21] with " = (2/A) ImF. It is
given in our notation by

d’ 2
. ||xB|| det[—w—i-w]
Affleck =
VI |det |45 + Va0 |
p.b.c.

where the determinants are defined in the finite interval 8. Note that the zero-temperature limit
of Iaffeck 18 I

The ratio of the determinants defined with the periodic boundary conditions is given by
Eq. (B27). By substituting it, Eq. (109) may be written as

oSt (109)

T Affleck = \/%2 sinh(wp/2)e S [Z—gr . (110)

We first describe the method of the numerical calculations briefly.

20/28

920z AInr go uo sasn Aysieniun ewekeqo Aq 2zS¥6./10VEL0/L/SZ0Z/8101e/d)d/woo dno-olwepeoe//:sdiy woij papeojumoq



PTEP 2025, 013A01 K. Harada et al.

le—9

—— Our Result - [xp, X¢]
—— Our Result - [xp, X/]

104 — Affleck's Result

0.8 1

0.6 1

0.4

Fig. 10. Decay rates for the potential V3(x) = x* — 8x* 4+ 15.9x%. Our result (61) with full contributions
from y € [xp, x¢], our result with contributions from y € [xy, x;] only, and Affleck’s result (109) are plotted
as functions of B~!. The dashed lines denote the zero-temperature limits.

In order to obtain Zg, we start with x (and x; obtained by V' (x,) = V' (x;)) and solve Eq. (78)
to determine the period . In this way, we have sets of (xp, 8). The energy E is also determined
by xp through £ = — V' (xp). A small change Axy leads to small changes AS and AFE, so that we
can calculate AB/AE numerically. Of course one may use a more elaborate method to calculate
dB/dE.

The calculation of Zg) and ZiIF) is more complex. Starting with x;, one needs to find y that
satisfies Eq. (90) for a given 8. The energy E is determined by x, through £ = —V (x;). As
explained in Section 3, there are two solutions for y € (x;, x;). These two solutions have different
values of the action, Sgg)(y) and ng)(y).

Numerical calculations get more difficult as we go closer to the zero-temperature limit, be-
cause dpB/dE diverges exponentially.

Figure 10 shows how the decay rates change with temperature for the potential

Va(x) = x* — 8x% + 15.9x%, (111)

which is close to the symmetric potential. Our result shows a monotonous increase while Af-
fleck’s result shows a dip before it starts to increase. We think that there is no physical reason
for the dip. It occurs when the potential is very close to the symmetric double-well potential.
Figure 11 shows Affleck’s result for the potential

Vi(x) = x* + a3x® + 16x°. (112)

We see that, as Vi(x) — Viym(x) (a3 — —8), the dip gets deeper.

We understand why this happens. When the potential is symmetric, the system spends a lot
of time not only near x}, but also near x;. Thus dB/dE is much larger than that for a generic
case. Actually, for a symmetric double-well potential ' (x), the period 8 may be written as

*c dx
B = 4/ , (113)
v V2V (x) = V(xp))
where xc = (xf + xr)/2. Thus, instead of Eq. (85), we have
d 4
lim (xp, — xF)—ﬂ =——, (114)
B—00 dxy w
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Fig. 11. Affleck’s decay rates for the potential V4(x) = x* + a3x® + 16x? are plotted as a function of 1.
Iy is the zero-temperature limit of [ageck. The parameter of the potential is close to the symmetric case
az = -8.

and it leads to
dp . eB2 o dx[i‘“ _%]
i — =1 - YF V2V)-TV(xp)  *F : 115
boe dE  fose od(xe — xp) (115)
thus, for large g,

1
FAmm*'~'mnh@uﬁ/2)[fQ§} T B (116)
dE
It diverges in the zero-temperature limit. Since the zero-temperature limit of I'sgeck 1S T'ec, the
decay rate of Callan and Coleman is also divergent for a symmetric potential.

When the potential is close to (but not) symmetric, I'ameck 1S finite but large in the zero-
temperature limit. As the temperature increases from zero, I' afrecic first decreases since I agieck ~
e®P/* is approximately correct.

Our result also shows a steep increase when S~ = 0, but it does not diverge. Let us look at
the denominator of Eq. (100),

XR —S?F(y) _fXR wdx
Denom. = VAR (117)

NG e
By integrating by parts, we have
wdXx 0 wdX
Denom. = l [e_SSF(y e L W“dFV(‘F i| / dy—>— dS (y) oSk k 2(V(xdFV(xF))

w
— LSy /a’ sF(y) oS0, me (118)

where we have used S r(XR) = SO and e“"ﬂ — 0. Because of the singularity at xg, the integral
in the exponential dlverges except for y = xg, and
dS%(y)

=0 119
v , (119)

Y=XRr

so we see that the second term of Eq. (118) vanishes. Thus, for a symmetric double-well poten-
tial, we have

lim I = w. (120)

B—o00
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Fig. 12. Decay rates for the potential V5(x) = x* — 8x3 4+ a»x?. The zero-temperature limit of our re-
sult (100), Ccc, and I'wgp are plotted as functions of the parameter a,, when the potential is very close
to the symmetric limit (¢ — 16). See Fig. 8.

This is of course an unphysical result.

At zero temperature, our decay rate and I'cc = limg_, o [ameck both show a steep increase
when the potential becomes very close to the symmetric one, as shown in Fig. 12. There, our
method somehow breaks down and fails to give a reasonable answer.

The failure of the calculations seems to be due to the splitting of a bounce into a pair of
an instanton and an anti-instanton when V’(xg) = 0. Namely, the particle travels from x =
Xfp to X = xR, spends an arbitrarily long time there, and comes back to the original position.
Thus the negative eigenvalue decreases in magnitude and becomes a quasi-zero mode (with the
magnitude of the eigenvalue being exponentially small), associated with the distance between
the instanton and the anti-instanton. Note that the (original) zero mode is now associated with
the center of the pair. On the other hand, Callan and Coleman (as well as the present authors)
did not take into account the quasi-zero mode.

As we showed in Figs. 10 and 11, this affects the finite-temperature behavior of I'zgeck €ven
when the potential is not very close to the symmetric one. However, it does not seem to affect
our decay rate. The difference probably comes from the fact that I'smee diverges as § — oo,
while the limit of our decay rate stays finite.

6. Summary
In this paper, we considered a 1D quantum-mechanical system in a potential that has a
metastable false vacuum at finite temperature, and calculated the decay rate in the saddle-point
approximation.

Because of the trace, the static solutions do not contribute and the shot-F solution plays
an important role. The trace integral combines all the contributions from the shifted bounce
solutions.

There are two shot-F solutions for y € (x;, x;), one of which is imaginary. It plays a similar
role to the finite-7 bounce and shifted bounce solutions in the calculation of the decay rate.

We then calculated the zero-temperature limit of our result. We also commented on the finite
time “regularization” and the collective coordinate method of Callan and Coleman.
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Finally, we performed some numerical calculations. We first showed the potential dependence
of our decay rate and compared it with that of Callan and Coleman, and with that obtained
by the NLO WKB approximation. We find that our result is similar to the WKB one. Next, we
showed the temperature dependence of our decay rate and compared it with that of Affleck.
We showed that Affleck’s decay rate first decreases as temperature increases and then increases
when the potential is close to a symmetric double-well potential. This behavior seems to have no
physical cause, and seems to be a consequence of the divergence of the decay rate for a symmet-
ric double-well potential at the zero-temperature limit. The zero-temperature limit of our decay
rate also shows a steep increase when the potential is very close to a symmetric double well; this
does not seem to affect the temperature dependence when the potential is not symmetric.

It would be interesting to extend our results to quantum field theory in which contributions
from shot-type solutions have not been included. Investigation in this direction is now under
consideration.
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Appendix A. Dimensionless variables
In order to simplify the expressions and to do numerical calculations, we use dimensionless
variables. In this appendix, we summarize how they are defined.

The Hamiltonian of the 1D quantum mechanics of a particle of mass m is given by

7
H=—+V(x), (A1)
2m
where the momentum p and the coordinate x have physical dimensions. The inverse temperature
B = 1/kgT has the inverse dimension of energy.
We introduce an energy scale €y and, by using it, we define the dimensionless variables.
We define a dimensionless coordinate X = %x and a dimensionless momentum P =
«/%To p. as well as a dimensionless (Euclidean) time 7" = 7. They satisfy the following rela-

tion:

dx
= p. A2
7 =P (A2)
The Hamiltonian may be written as
H = eH(P, X), (A3)
1
H =3P+ V(X), (A4)
where H is the dimensionless Hamiltonian, and we have defined a dimensionless potential
h
X)=¢'V X ). A5
v = () )
We can also define a dimensionless inverse temperature,
B = Bey. (A6)

A dimensionless free energy defined as F = ¢ F, may be expressed as

f:-%mu@%ﬂ. (A7)
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The physical decay rate I' may be obtained from the imaginary part of a certain combination
of contributions to F, by multiplying by a factor ¢y/#.

Appendix B. Ratio of the determinants defined with periodic boundary conditions

In this appendix, we explain how to calculate the ratio of the determinants defined with the
periodic boundary conditions, which is useful to understand Egs. (65) and (109).

The basic formula is given by Forman [30,31], which is a generalization of the
Gel'fand—Yaglom theorem. See also Ref. [32].

We consider two differential operators

d2

OV =~ + W) (i=1.2) (BD)

in the interval t € [—8/2, /2], and the eigenvalue problems
0V () =1 p (7). (B2)

Now the eigenfunctions are supposed to satisfy the conditions

(i) (@)
D(—=B/2) n (B/2) 0
M n(% = =1.2), B3
<¢§’)(—ﬁ/2)>+ <¢2’)<ﬂ/2>> (‘)) ‘ ) .

where M and N are a 2 x 2 matrix. For the periodic boundary conditions,

10 ~1 0
M:<01>’ N:<0—1)' (B

The determinant det O is (naively) an infinite product of the eigenvalues,

det O =TT (B5)
As we did in Section 2 for the Gel’fand—Yaglom theorem, we consider the zero-eigenvalue
problem for each operator,

Oy =0 (j=1,2) (B6)
where 1//5’-) are two independent solutions, and also consider the 2 x 2 matrices
() (@)
H(l)(.L—) — lﬂl(l)(.l") W%l)(f) , (B7)
vi(r) vy (1)
and
YO(x) = HO()HO ™ (=p/2). (BS)
Forman’s theorem says that
detO")  dety,o(M + NYV(B/2))

det 0@ — dety,o(M + NYD(B/2))’
where, on the right-hand side, det;,» denotes the determinant for a 2 x 2 matrix.

(1) ?), then we have Y ?(r) = H(t) and the

expression is simplified considerably. We assume that this choice of wj(.i)(r) has been done.
Note that for the Dirichlet boundary conditions,

1 0 0 0
we(b0) () o0
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so that
detO®  yi(B/2)

det O 4 3(g/2)’ (31D

with the boundary conditions 1//?(— B/2) =0 and 1/}2(i)(— B/2). This is nothing but the
Gel’'fand—Yaglom theorem for the Dirichlet boundary conditions, considered in Section 2.
For the periodic boundary conditions (B4), Eq. (B9) can be written as

det O B (1 —‘ﬂl(l))(l _w'z(l)) 1ﬂ'l(l)w(l)

— g . (B12)
det O?) pbe. (1- (2))(1 wéz)) 1[[1(2)@0(2) ot
Let us now consider the specific example O = —dd—; + w? and 0¥ = —dd—; + V" (xp(1)).
One can easily get
¥{"(x) = cosh ((z + B/2)), (B13)
Y1) = ' sinh (o(t + 6/2)). (B14)
From these, we immediately obtain
(1= yiH(A =i =gyl | = —4sinh’(@B/2). (B15)

-2
For the operator O, w](.z)(r) may be written as linear combinations of u(t) and v(r) as in
Section 2 (but defined with 7. = 0). We get

Y1) = v(—=B/2)u(x) — f(—B/2)v(z), (B16)

U (r) = —v(=B/2)(@) + (=B /2)v(7). (B17)

With the periodic boundary conditions, det O® contains a zero eigenvalue to be removed.

The way of removing the zero mode is similar to the case with Dirichlet boundary condi-

tions considered in Section 2. We define det’ O® = lim,_,( det[©O® — A]/(—A), and consider
(2) (j = 1, 2), which satisfies

[0(2> _ ,\] v () =0, (B18)
and the initial value conditions H;Z)(— B/2) = ((1) ?) As we did in Eq. (42), we consider
B/2
0= dr p(7) [o(2> - ,\] v2(r)
—-B/2 '
B/2 B/2
= [ + ey ©] x| drs@yo). (B19)
—B/2 /2
By substituting the initial values and using the periodicity, we obtain
G =1 —iRe2) | (862 (Ladr vl ) gy
v (ﬂ/2) L= i2em) \wsrn) = de sonlo)

and thus

(#/2) 1 —UR B/ ) e [Hpde w@v©) b
X8(8/2) w(”(ﬂ/z) v(B/2) - Y8 o ()Y (@))

—B/2
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where
—D=(1-v78/2) (1-¥:38/2)) — T B/2003 (8/2) (B22)

is the combination that appears in Eq. (B12).
Therefore, we obtain

det O . det O 2 . —A
det 00| M) 3ot 0D — 2] /(=) e |—4sinbwp/2)| lim o B
The limit may be written as
i5(4) _ i5(8/2) [ dp ]-1
[Fydvin@ [ =3P EWP @ + PGP @] s/ 151 v(8/2) LIE
1 [dB ]—1
= — , B24
||%8l1* [dE (529
where we have used
. dp
v17(B/2) = [in(B/2F - (B25)
v2(B/2) =1, (B26)
and X¥g(B/2)v(B/2) = —1. We finally obtain
det O

_ 4sinh*(wB/2) [dﬁ ]—1
det’ O | .. X2 dE |

To conclude this appendix, we will show that the zero-temperature limit of the ratio of the de-
terminants with the periodic boundary conditions is equal to that with the Dirichlet boundary
conditions,

(B27)

det O )
im e/—O = lim det/—O . (B28)
B—00 det 0(2) pbec. B—00 det 0(2) d.bc
In the zero-temperature limit, ||xg||> — S%, and from Egs. (87) and (83), we see
. det O™ o im ﬁw“(m — xp)?
p—oo det’ O@) |y p—oo S 2w
20° 5 2[R dx[$—+}
=~ — e LT, (B29)
B
On the other hand, from Eq. (48), by using |X5(8/2)]> = ‘V’(xb)‘z = w*(xp — xp)?, we have
‘m det O — _ lim 0)4(Xb — XF)zﬁ
B—o0 det/ 0(2) d.bc B—>00 S% 2w
20° Y P
= Sl —xpe U VAO TR (B30)
B

This completes the proof.
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