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Abstract

The resonant tunneling plays an important role in the cosmic landscape and it serves an
interesting mechanism to explain why the cosmological constant is such small. This effect
has also been applied in condensed matter physics and other fields. Firstly, we will give
a brief introduction of Coleman’s instanton method on the description of vacuum decay
and this is an equivalent description of the functional schrodinger equation method later.
Secondly, we will derive the functional schrodinger equation(Or Wheeler-DeWitt equation)
method in flat spacetime by simple canonical quantization. Thirdly, we will reduce the
whole calculation of field theory to 1D problem by the calculation of MPEP(Most probable
escape path). Finally, we will discuss the resonant tunneling in both QM and scalar QFT
and show that in multi-barrier situation and when some particular condition is satisfied,
the tunneling rate is exponentially enhanced compared to single barrier situation.



1 Introduction

Resonant tunneling is a famous and common phenomenon in quantum mechanics which has
similar mechanism as Fabry-Perot interferometer. The resonant tunneling in quantum mechan-
ics [1] can be extended to quantum field theory which has infinite degree of freedoms through
Wheeler-DeWitt equation in flat spacetime limit [2] [3] [4] [5] .

The application of the resonant tunneling in QFT is wide. The first application of resonant
tunneling in cosmology is put out by Henry Tye in 2006 to give a dynamical explanation in string
cosmology on why the cosmological constant is so small [6]. It is also used in the explanation of
the 1st order phase transition between A and B phase in superfluid He-3 [7].

To simplify the calculation, we need to find its MPEP(Most probable escape path) to reduce
the tunneling calculation in infinite dimension functional space to 1D space. Comparing to
Coleman’s instanton, the calculation through Wheeler-DeWitt equation has its own advantages
even though the calculation might be more complicated. The first advantage is that Wheeler-
DeWitt equation can take the multi-barrier situations which are common in cosmic landscape
into consideration, while Coleman’s instanton calculation can only be used in single barrier sit-
uation. The second advantage is that the calculation in Wheeler-DeWitt equation formalism is
equivalent to the calculation in Coleman’s instanton calculation, not only in thin-wall limit but
also in thick-wall limit[4] [8]. Through resonant tunneling, the tunneling rate can be exponen-
tially enhanced comparing to single barrier tunneling so more parameter space of some inflation
model with multi-vacuum can be constrained in theoretical way.

2 Coleman’s Instanton Method

In 1977, Sydney Coleman put out an Euclidean instanton formalism which describe the quantum
tunneling from false vacuum to true vacuum[9] [10]. The gravitational correction of vacuum
decay is worked out by Sydney Coleman and Frank De Luccia in 1980 [11]. Coleman’s instanton
method is sometimes used to constrain the parameter space of some inflation model such as
axion monodromy [12]. The calculation of Coleman’s instanton is relatively easy compared to
the functional Schrodinger method but it can only be used in single barrier case because it
cannot take the phase factor in classical allowed region into consideration. For the scalar field
with action
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We can do the Wick rotation and have the Lagrangian in Euclidean space which is
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Figure 1: (a) is zero temperature situation which means 7' = 0, the bounce solution satisfies
SO(4) symmetry. (b) means T' << %, the SO(4) symmetry of bounce solution is slightly broken.
(¢) means T~ % and the bounce solution doesn’t satisfy SO(4) symmetry. (d) means T >> &
which is high temperature limit and now the bounce solution satisfies SO(3) symmetry.

Here the potential is that
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The term (—1)B(¢ + ¢) breaks Zs symmetry. To do thin wall approximation later, here
Be << 1. Using SO(D) ansatz we can derive the EOM with boundary conditions
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We can solve this boundary value problem using numerical method such as Newton-Kantorovich

method[13] [14] [15]. To get analytical consequence, we can do thin-wall approximation and we
can also solve bounce solution which is
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where r = /72 + ‘f ‘2. Now R is still not determined, using the variation principle of Sg we
can have that
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and
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The whole tunneling probability is
r
v = Ae*BE (9)

and the tunneling probability is exponentially suppressed by the bounce action.

In the application of string cosmology during inflation, since before reheating most of the
models are in zero temperature, we choose D = 4. In the application of particle cosmology
during EW phase transition or QCD phase transition, since the finite temperature will wrap
the time dimension and breaks SO(4) symmetry [16], there is SO(3) symmetry and we need to
choose D = 3.

3 Functional Schrodiger Equation Method

3.1 Curve in Configuration Space

The curve in the configuration space is defined as ¢|y = {(Z1; ), p(Zo; N), ..., d(Zn; A)}, here
X1, To, ..., Ty are treated as continuous indices and A is treated as the single parameter which
label the movement along the curve. The line element is defined as ds* = [ d*% (5¢(£’))2 SO we
can choose A = s to reparameterize the curve.

Doing the analogy with the curve theory in classical differential geometry, we can define the

tangent vector of the curve as 8315. We can also define the vectors on the cotangent space,
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where 0¢ is the cotangent vector which is parallel to and 0 ¢ is the cotangent vector

0s
which is perpendicular to 858‘5 because we can easily prove that < ¢, ¢, % >= 0. We define

the unit normal vector in direction n(¥) to be
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so we can define the deviation from the curve which is perpendicular to the tangent vector as

86.1.(0) = [ @F(n(D)buin(7:9)) (13)
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where n(y) is the component in the ¢ direction. The neighbor of the curve can be described as
¢neighbor(f) = ¢<fu 3) + A(bJ_ (:a 8) (14)

This description of the curve in configuration space will be used in the calculation of MPEP
later.

3.2 Wheeler-DeWitt equation in flat spacetime

To derive the Wheeler-DeWitt equation for simple scalar field in flat spacetime, we will use the
heuristic method which is the analogy as canonical quantization in QM rather than begin at
generic Wheeler-DeWitt equation and take flat spacetime limit [17] [5] [4] . For the simplest
scalar field, we can have its Hamiltonian Density (¢, ¢) = %gbZ + 2(V¢)* + V(¢). Doing the

canonical quantization () — m (&) = —i#@, we can have the functional Schrodinger equation
)
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®(¢) is the wavefunction in the configuration space and U(¢) = [ d35<%(v¢)2 + V(gzﬁ)) is
the effective potential in the functional Schrodinger equation. We should put an eye on the term
[ &z <%(V¢)2> because this term will modify the profile of V(¢) significantly [4].

We use the WKB approximation to solve the functional Schrodinger equation. We write the

wave functional as ®[¢] = Aexp(LS[¢]) where S[¢] = SO [¢] + ASW[¢] + h2SP[¢] + ... we have
that
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We expand it in terms of & and we can have Oth order equation which is
s5-[1 55(0)[¢] 2 1 2 _
/d m[§< 56(7) ) +3(V9) +VW =k (18)
and we have 1st order equation which is
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These are functional equations which are hard to calculate. To make the equations calculable,
we can reduce the functional equation to the calculation on MPEP so we can solve 1D problem
rather than infinite dimensional problem.



3.3 Most Probable Escape Path(MPEP)

We can calculate MPEP using the Oth order equation of WKB approximation. The calculation
in finite dimensional case has already been done by Tom Banks, Carl M. Bender and Tai Tsun
Wu [2] [3], and the calculation in infinitesimal case is done by Khalil M. Bitar, Shau-Jin Chang
in 1978 [17]. Now let’s follow the calculation by Khalil M. Bitar and Shau-Jin Chang. S® can
be treated as a field on the configuration space and in Oth order approximation the S gradient

6S(O>[¢ ’ b0 1s parallel to the tangent of MPEP dd’oh and we can have that
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Doing the analogy with the formula ag()\ in finite dimension which is 85;) =Vvs© % , We
have that
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Combing equations (20) and (22) we can determine the coefficient C'(A) which is
85(0)
CA) = oA (23)
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We plug equations (20) and (23) into (18) (19) and choose A = s in the same time, we can
reduce the equation in functional space to 1D equations on the trajectory of MPEP which are
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in Oth order expansion and
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in 1st order expansion.



Let’s solve 1D 0Oth order equation (24) and then plug in 1st order equation (25). In classical
allowed region, we have that

S50 = [ ds'y/2(E = Ulon(s) (26)

5(5) = Lin(v/2(E ~ Ulgo(3)]) (27)

and in classical forbidden region, we have that

SO (s) = /0 s as'\/2(U(0(s")) — E) (28)
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We determine the MPEP through using Hamilton-Jacobi variation principle on Oth order
equation and we can have that
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By solving these equations we can calculate MPEP and then solve the functional schrodinger
equation in 1D situation. For the calculation in classical forbidden, the solving of MPEP is
similar to the solving of bounce action in Coleman’s instanton method [9] [10] [11] where we can
borrow most of the tricks from Coleman’s instanton to the calculation of MPEP.

4 Resonant Tunneling

In non-relativistic quantum mechanics, we can use the WKB approximation. Here to be coincide
with the treatment of [6] [4] [7] [5], let’s use the formalism of [1].



Figure 2: String theory shows that there are exponentially or even infinitely many metastable
solutions which makes resonant tunneling easy to happen. Here we give a schematic picture of
the topography of the potential. Here A B and C are three metastable vacuums and B is in
the middle of A and C. What we are discussing is the tunneling from A to C through B. In
functional schrodinger formalism, the contribution from classical allowed region B can provide
important phase factor which makes the resonance tunneling possible to happen. However, the
condition of resonant tunneling to happen is strict which must satisfy W = (n+ ). The width
of resonant spectrum is exponentially suppressed.

In classical allowed region, we have left-moving and right-moving wave functions which are

exp( +i /x dxk;(x)) (34)
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where

() = \/2m(E —Vi(x)) (35)

So the whole wave function is
U(x) = ar¥gr(z) + aLVi(z) (36)

In classical forbidden region, we have exponentially decay and exponentially growth wave
functions

U, =~ ! e:r;p( + /x dam(x)) (37)

where




So the whole wave function is
U(r) = 0y Wy (2) + o U_(2) (39)
In single-barrier case, when tunneling happens from vacuum A to vacuum B, we have that
ag L[ 0+& i(©-3%) || Br
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In multi-barrier case, when tunneling happens from vacuum A to vacuum C (Vacuum B is
in the middle), we have that
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In scalar QF'T, since all the calculations are reduced to 1D problem parameterized by A, we
can also have that

In QM,
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The effective potential is that U.;p(\) = U(X) + U'P()), where U'~"°P()) is 1-loop cor-
rection when integrating out the fluctuations denoted by dn. The 1-loop correction term is
evaluated in this way

1 [7 1
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After some algebra, we can derive the tunneling probability from vacuum A to vacuum B,
which is

:4(@+l -
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In the single barrier case, the tunneling probability is exponentially suppressed. We may
naively assume that in double barrier case, the tunneling probability is double exponentially
supressed, however, we can find that because of phase factor contribution from classical allowed
region, the resonant tunneling will happen and the tunneling probability can be exponentially
enhanced in some particular region of parameter space.

We can also derive the tunneling probability from vacuum A to vacuum C(Through B),
which is

2 4

Typsc = ‘7—R) = T o 33 (50)
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If the vacuum B has zero width which meansWW = 0, we can have that

4 4 TaspTpoc
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this means the tunneling probability from A to C is double exponentially suppressed.
When W = (n + %)7‘(‘, the tunneling probability is
TA—>B—>C - % (52)
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the tunneling probability is not exponentially suppressed and the resonant tunneling hap-
pens. When W = (n + %)71’ and © = @, the tunneling rate is Ty_.g_,c = 1.

5 Conclusion

In this article, firstly we introduced Coleman’s instanton method not only in zero temperature
situation but also in finite temperature situation. Secondly, we derived Wheeler-DeWitt equation
using a heuristic way. Then we give the method of calculating MPEP and show how to reduce
the whole calculation in infinite dimensional spacetime to 1D space. Finally, we showed the
condition of resonant tunneling to happen in QM and scalar QFT. The resonant tunneling will
find its important application in the constraining of parameter space in some low energy effective
theory of string theory on inflation(which have multi-vacua).

References

[1] Eugen Merzbacher, Quantum Mechanics. John Wiley & Sons, Inc., 1972.

[2] Tom Banks, Carl M. Bender, Tai Tsun Wu, Coupled Anharmonic Oscillators. 1. Equal
Mass Case, Phys. Rev. D 8 (1973) 3346-3365.

[3] Tom Banks, Carl M. Bender, Coupled Anharmonic Oscillators. 2. Unequal-Mass Case,
Phys. Rev. D 8 (1973) 3366-3378.

10


http://dx.doi.org/10.1103/PhysRevD.8.3346
http://dx.doi.org/10.1103/PhysRevD.8.3366

[4] S.-H. Henry Tye, Daniel Wohns, Resonant Tunneling in Scalar Quantum Field Theory,
0910.1088.

[5] Sash Sarangi, Gary Shiu, Benjamin Shlaer, Rapid tunneling and percolation in the
landscape, Int. J. Mod. Phys. A 24 (2009) 741-788.

[6] S.-H. Henry Tye, A new view of the cosmic landscape, hep-th/0611148.

[7] S.-H. Henry Tye, Daniel Wohns, Resonant tunneling in superfluid He-3, Phys. Rev. B 84
(2011) 184518.

[8] Uchida Gen, Misao Sasaki, False vacuum decay with gravity in the non-thin-wall limit,
Phys. Rev. D 61 (2000) 103508.

[9] Sidney Coleman, The Fate of the False Vacuum. 1. Semiclassical Theory, Phys. Rev. D 15
(1977) 2929-2936.

[10] Curtis G. Callan, Sidney R. Coleman, The Fate of the False Vacuum. 2. First Quantum
Corrections, Phys. Rev. D 16 (1977) 1762-1768.

[11] Sidney Coleman, Frank De Luccia, Gravitational Effects on and of Vacuum Decay, Phys.
Rev. D 21 (1980) 3305-3315.

[12] Jon Brown, William Cottrell, Gary Shiu, Pablo Soler, Tunneling in azion monodromy,
JHEP 2016 (2016) .

[13] L. V. Kantorovich, On Newton’s method for functional equations, Dokl. Akad. Nauk SSSR
59 (1948) 1237-1240.

[14] E. S. Lee, Quasilinearization and invariant embedding with applications to chemical
engineering and adaptive control. Academic Press, 1968.

[15] Xucheng Gan, Andrew J. Long, Lian-Tao Wang, Electroweak sphaleron with dimension-siz
operators, Phys. Rev. D 96 (2016) 115018.

[16] A.D.Linde, Decay of the false vacuum at finite temperature, Nucl. Phys. B 216 (1983)
421-445.

[17] Khalil M. Bitar, Shau-Jin Chang, Vacuum Tunneling and Fluctuations Around a Most
Probable Escape Path, Phys. Rev. D 18 (1978) 435-452.

11


https://arxiv.org/abs/0910.1088
http://dx.doi.org/10.1142/S0217751X09042529
https://arxiv.org/abs/hep-th/0611148
http://dx.doi.org/10.1103/PhysRevB.84.184518
http://dx.doi.org/10.1103/PhysRevB.84.184518
http://dx.doi.org/10.1103/PhysRevD.61.103508
http://dx.doi.org/10.1103/PhysRevD.15.2929
http://dx.doi.org/10.1103/PhysRevD.15.2929
http://dx.doi.org/10.1103/PhysRevD.16.1762
http://dx.doi.org/10.1103/PhysRevD.21.3305
http://dx.doi.org/10.1103/PhysRevD.21.3305
http://dx.doi.org/10.1007/JHEP10(2016)025
http://dx.doi.org/10.1103/PhysRevD.96.115018
http://dx.doi.org/10.1016/0550-3213(83)90293-6, 10.1016/0550-3213(83)90072-X
http://dx.doi.org/10.1016/0550-3213(83)90293-6, 10.1016/0550-3213(83)90072-X
http://dx.doi.org/10.1103/PhysRevD.18.435

	Introduction
	Coleman's Instanton Method
	Functional Schrodiger Equation Method
	Curve in Configuration Space
	Wheeler-DeWitt equation in flat spacetime
	Most Probable Escape Path(MPEP)

	Resonant Tunneling
	Conclusion

