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Motivation

★ Hawking radiation during gravitational collapse.


★ Schwinger pair creation.


★Coupling of classical inflaton to other quantum fields.


★ etc.

Quantum effects in classical backgrounds —

Particle production implies a quantum instability of the background. 
(Black holes evaporate, capacitors discharge, universe reheats, etc..)

Are there backgrounds that are protected from such dissipation?



Schwinger pair production 
in QED
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Use temporal gauge. Then the background gauge field is time-dependent.  
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A(t) = E t
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ṅ / e2E2 exp(�⇡m2
e/eE)

Usually thought of as a tunneling process.

Schwinger, 1951



Schwinger pair production 
in non-Abelian gauge theory
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Are there electric field configurations, e.g. flux tubes, that don’t lead to

Schwinger pair production?
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Quantum fields in time-dependent backgrounds generally lead to particle production. Here we

consider “unexciting” backgrounds for which the net particle production vanishes. We start by

considering the simple harmonic oscillator and explicitly construct all unexciting time-dependent

frequencies. This allows us to construct homogeneous backgrounds in field theory for which there

is no particle production in any given mode, though we are able to show that there are no homo-

geneous backgrounds for which the particle production vanishes in every mode. We then construct

general inhomogeneous unexciting field theory backgrounds. The set of all unexciting field theory

backgrounds will be further restricted by the choice of physical interactions and this leads to an

interesting open problem.

There has been considerable e↵ort to study quan-
tum radiation in time-dependent classical backgrounds
(e.g. [1]). Landmark examples include Schwinger particle
production [2] and Hawking radiation [3]. In the latter,
the time dependence of the metric during gravitational
collapse produces particles, while Schwinger particle pro-
duction can be thought of as due to the time dependence
of the electromagnetic vector gauge potential.

The present work is motivated by the Schwinger pro-
cess for non-Abelian gauge fields recently discussed in
Ref. [4] where a homogeneous non-Abelian electric field
of a certain “color” produces (massless) gauge radiation
of other colors. This process appears to be quite general,
so one might expect a similar process to occur even if
the background electric field is not uniform, for example
if the color electric field is confined into flux tubes, as is
widely believed to occur in QCD. However, QCD elec-
tric flux tubes should not produce quantum excitations
if they are to be stable and confining. This motivates
the general question – can we find non-trivial space- and
time-dependent backgrounds in which particle produc-
tion does not occur?

An example of an unexciting electric field configura-
tion is already known in massless QED in 1+1 dimen-
sions [5, 6]. One considers a capacitor consisting of ex-
ternal charges +Q and �Q separated by a distance L.
The system can be solved completely since bosonization
yields a scalar plus gauge field theory with only bi-linear
couplings. The unexciting electric field background takes
the form [5],

F01 = Q(⇥(x + L/2) � ⇥(x � L/2))

+g(f(x + L/2) � f(x � L/2)) (1)

where g is the coupling constant in the model, and

f(x) = � Q

2g
sgn(x)

Ä
1 � e�g|x|

ä
. (2)

A sketch of the unexciting electric field is shown as the
dashed curve in Fig. 1. Note, though, that the unexcit-
ing background is not purely an electric field as it also
consists of a condensate of fermion bound states. These
bound states are described after bosonization by a scalar

!L!2 "L!2
x

Electric Field

FIG. 1: As in Ref. [5], two infinitely heavy charges, +Q and

�Q are placed at x = �L/2 and x = +L/2 respectively. The

classical electric field is given by the thick dark line. With

pair production, the electric field evolves into the unexciting

configuration illustrated by the dashed curve.

field, �, that acquires a non-trivial profile,

�(x) = f(x + L/2) � f(x � L/2). (3)

Unexciting backgrounds may have practical utility as
well. We can imagine situations where a quantum sys-
tem is in its ground state in a certain background (e.g.
a magnetic field), and we would like to change the back-
ground to a final configuration while the quantum system
is finally in its ground state. The background would then
have to be an unexciting background.

The simple harmonic oscillator (SHO) with time-
dependent frequency is the simplest system where this
question can be analyzed (see also Ref. [7]). Are there
time-dependent frequencies for which the SHO does not
get excited? In this case we are able to find a complete
solution in Sec. I. To our surprise, we find a very wide
class of time-dependent frequencies, not necessarily adi-
abatic, for which particle production does not occur.

The next step is to generalize the SHO result to quan-
tum field theory in a classical background. We first
consider homogeneous but time-dependent backgrounds.
The homogeneity of the background simplifies matters
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f(x) = �Q

2g
sgn(x)[1� e�g|x|]
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E = F01 = Q[⇥(x+ L/2)�⇥(x� L/2)]

+g[f(x+ L/2)� f(x� L/2)]

Unexciting electric field:

<latexit sha1_base64="LkMfJkm7itt3XSPBSUHQZn36CPo="></latexit>

L =  ̄�µ(i@µ + eAµ) � 1

4
Fµ⌫F

µ⌫
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L0 =
1

2
(@µ�)

2 +
g

2
�✏µ⌫Fµ⌫ � 1

4
Fµ⌫F

µ⌫

Bosonize:
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:  ̄�µ :() ✏µ⌫@⌫�

Q’s are fixed, external charges



Simple Harmonic Oscillator
Are there time-dependent frequencies that don’t excite the SHO?

x

V

!(t)
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â =
p̂� im!(t)x̂p

2m!(t)
, â† =

p̂+ im!(t)x̂p
2m!(t)
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Work with ladder operators:

Lewis

Lewis & Riesenfeld


Parker

Popov & Perelomov


…

TV & Zahariade

ω(t) is assumed to be externally driven.



Classical-Quantum 
Correspondence for the SHO
Heisenberg equations: dâ

dt
= �i[â, H] +

@â

@t
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[â, â†] = 1
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â(t) =
(p⇤z � im!z⇤)p

2m!
â0 +

(pz � im!z)p
2m!

â†0
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Solution:

“Bogolyubov coefficients”

where, z̈ + !2(t)z = 0
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z is complex!

with initial conditions z(0) =
�ip
2m!0

, ż(0) =

r
!0

2m
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Classical-Quantum 
Correspondence (CQC)

x̂ $ z
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|0i $ {z0, ż0}
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<latexit sha1_base64="/dhzFf3yJNIPTFs9JD2UEmSiRuU=">AAACF3icbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAckIcxOepMhszvLTK8SQj5EvOp3eBOvHv0M/8DZZA8msaChqOqmmgoSKQx63reztr6xubVd2Cnu7u0flNzDo4ZRqeZQ50oq3QqYASliqKNACa1EA4sCCc1gdJv5zUfQRqj4AccJdCM2iEUoOEMr9dxSR0KIWgyGyLRWTz237FW8Gegq8XNSJjlqPfen01c8jSBGLpkxbd9LsDthGgWXMC12UgMJ4yM2gLalMYvAdCezx6f0zCp9GiptJ0Y6U/9eTFhkzDgK7GbEcGiWvUz8z2unGF53JyJOUoSYz4PCVFJUNGuB9oUGjnJsCeNa2F8pHzLNONquFlKCyF7TQMl+yDjQLMp25C83skoaFxXfq/j3l+XqTd5WgZyQU3JOfHJFquSO1EidcJKSF/JK3pxn5935cD7nq2tOfnNMFuB8/QLd1Z/m</latexit><latexit sha1_base64="/dhzFf3yJNIPTFs9JD2UEmSiRuU=">AAACF3icbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAckIcxOepMhszvLTK8SQj5EvOp3eBOvHv0M/8DZZA8msaChqOqmmgoSKQx63reztr6xubVd2Cnu7u0flNzDo4ZRqeZQ50oq3QqYASliqKNACa1EA4sCCc1gdJv5zUfQRqj4AccJdCM2iEUoOEMr9dxSR0KIWgyGyLRWTz237FW8Gegq8XNSJjlqPfen01c8jSBGLpkxbd9LsDthGgWXMC12UgMJ4yM2gLalMYvAdCezx6f0zCp9GiptJ0Y6U/9eTFhkzDgK7GbEcGiWvUz8z2unGF53JyJOUoSYz4PCVFJUNGuB9oUGjnJsCeNa2F8pHzLNONquFlKCyF7TQMl+yDjQLMp25C83skoaFxXfq/j3l+XqTd5WgZyQU3JOfHJFquSO1EidcJKSF/JK3pxn5935cD7nq2tOfnNMFuB8/QLd1Z/m</latexit><latexit sha1_base64="/dhzFf3yJNIPTFs9JD2UEmSiRuU=">AAACF3icbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAckIcxOepMhszvLTK8SQj5EvOp3eBOvHv0M/8DZZA8msaChqOqmmgoSKQx63reztr6xubVd2Cnu7u0flNzDo4ZRqeZQ50oq3QqYASliqKNACa1EA4sCCc1gdJv5zUfQRqj4AccJdCM2iEUoOEMr9dxSR0KIWgyGyLRWTz237FW8Gegq8XNSJjlqPfen01c8jSBGLpkxbd9LsDthGgWXMC12UgMJ4yM2gLalMYvAdCezx6f0zCp9GiptJ0Y6U/9eTFhkzDgK7GbEcGiWvUz8z2unGF53JyJOUoSYz4PCVFJUNGuB9oUGjnJsCeNa2F8pHzLNONquFlKCyF7TQMl+yDjQLMp25C83skoaFxXfq/j3l+XqTd5WgZyQU3JOfHJFquSO1EidcJKSF/JK3pxn5935cD7nq2tOfnNMFuB8/QLd1Z/m</latexit><latexit sha1_base64="/dhzFf3yJNIPTFs9JD2UEmSiRuU=">AAACF3icbVDLSgNBEJz1GeMjqx69DAbBU9gVQY9BLx4jmAckIcxOepMhszvLTK8SQj5EvOp3eBOvHv0M/8DZZA8msaChqOqmmgoSKQx63reztr6xubVd2Cnu7u0flNzDo4ZRqeZQ50oq3QqYASliqKNACa1EA4sCCc1gdJv5zUfQRqj4AccJdCM2iEUoOEMr9dxSR0KIWgyGyLRWTz237FW8Gegq8XNSJjlqPfen01c8jSBGLpkxbd9LsDthGgWXMC12UgMJ4yM2gLalMYvAdCezx6f0zCp9GiptJ0Y6U/9eTFhkzDgK7GbEcGiWvUz8z2unGF53JyJOUoSYz4PCVFJUNGuB9oUGjnJsCeNa2F8pHzLNONquFlKCyF7TQMl+yDjQLMp25C83skoaFxXfq/j3l+XqTd5WgZyQU3JOfHJFquSO1EidcJKSF/JK3pxn5935cD7nq2tOfnNMFuB8/QLd1Z/m</latexit>

Re(z)
<latexit sha1_base64="yhzelAPuhN81dld2K6cAIIHPZD0=">AAACEXicbVDLSgMxFM34rPVVdekmWIS6KTMi6LLoxmUV+4B2KJn0ThuaTIYkI9ShXyFu9TvciVu/wM/wD8y0s7CtBwKHc+7l3Jwg5kwb1/12VlbX1jc2C1vF7Z3dvf3SwWFTy0RRaFDJpWoHRANnETQMMxzasQIiAg6tYHST+a1HUJrJ6MGMY/AFGUQsZJQYK3XSrhL4HiaVp7NeqexW3SnwMvFyUkY56r3ST7cvaSIgMpQTrTueGxs/JcowymFS7CYaYkJHZAAdSyMiQPvp9OQJPrVKH4dS2RcZPFX/bqREaD0WgZ0UxAz1opeJ/3mdxIRXfsqiODEQ0VlQmHBsJM7+j/tMATV8bAmhitlbMR0SRaixLc2lBMJu40Dyfkgo4CzKduQtNrJMmudVz616dxfl2nXeVgEdoxNUQR66RDV0i+qogSiS6AW9ojfn2Xl3PpzP2eiKk+8coTk4X7+n+Z0S</latexit><latexit sha1_base64="yhzelAPuhN81dld2K6cAIIHPZD0=">AAACEXicbVDLSgMxFM34rPVVdekmWIS6KTMi6LLoxmUV+4B2KJn0ThuaTIYkI9ShXyFu9TvciVu/wM/wD8y0s7CtBwKHc+7l3Jwg5kwb1/12VlbX1jc2C1vF7Z3dvf3SwWFTy0RRaFDJpWoHRANnETQMMxzasQIiAg6tYHST+a1HUJrJ6MGMY/AFGUQsZJQYK3XSrhL4HiaVp7NeqexW3SnwMvFyUkY56r3ST7cvaSIgMpQTrTueGxs/JcowymFS7CYaYkJHZAAdSyMiQPvp9OQJPrVKH4dS2RcZPFX/bqREaD0WgZ0UxAz1opeJ/3mdxIRXfsqiODEQ0VlQmHBsJM7+j/tMATV8bAmhitlbMR0SRaixLc2lBMJu40Dyfkgo4CzKduQtNrJMmudVz616dxfl2nXeVgEdoxNUQR66RDV0i+qogSiS6AW9ojfn2Xl3PpzP2eiKk+8coTk4X7+n+Z0S</latexit><latexit sha1_base64="yhzelAPuhN81dld2K6cAIIHPZD0=">AAACEXicbVDLSgMxFM34rPVVdekmWIS6KTMi6LLoxmUV+4B2KJn0ThuaTIYkI9ShXyFu9TvciVu/wM/wD8y0s7CtBwKHc+7l3Jwg5kwb1/12VlbX1jc2C1vF7Z3dvf3SwWFTy0RRaFDJpWoHRANnETQMMxzasQIiAg6tYHST+a1HUJrJ6MGMY/AFGUQsZJQYK3XSrhL4HiaVp7NeqexW3SnwMvFyUkY56r3ST7cvaSIgMpQTrTueGxs/JcowymFS7CYaYkJHZAAdSyMiQPvp9OQJPrVKH4dS2RcZPFX/bqREaD0WgZ0UxAz1opeJ/3mdxIRXfsqiODEQ0VlQmHBsJM7+j/tMATV8bAmhitlbMR0SRaixLc2lBMJu40Dyfkgo4CzKduQtNrJMmudVz616dxfl2nXeVgEdoxNUQR66RDV0i+qogSiS6AW9ojfn2Xl3PpzP2eiKk+8coTk4X7+n+Z0S</latexit><latexit sha1_base64="yhzelAPuhN81dld2K6cAIIHPZD0=">AAACEXicbVDLSgMxFM34rPVVdekmWIS6KTMi6LLoxmUV+4B2KJn0ThuaTIYkI9ShXyFu9TvciVu/wM/wD8y0s7CtBwKHc+7l3Jwg5kwb1/12VlbX1jc2C1vF7Z3dvf3SwWFTy0RRaFDJpWoHRANnETQMMxzasQIiAg6tYHST+a1HUJrJ6MGMY/AFGUQsZJQYK3XSrhL4HiaVp7NeqexW3SnwMvFyUkY56r3ST7cvaSIgMpQTrTueGxs/JcowymFS7CYaYkJHZAAdSyMiQPvp9OQJPrVKH4dS2RcZPFX/bqREaD0WgZ0UxAz1opeJ/3mdxIRXfsqiODEQ0VlQmHBsJM7+j/tMATV8bAmhitlbMR0SRaixLc2lBMJu40Dyfkgo4CzKduQtNrJMmudVz616dxfl2nXeVgEdoxNUQR66RDV0i+qogSiS6AW9ojfn2Xl3PpzP2eiKk+8coTk4X7+n+Z0S</latexit>

Classical

x

V

!(t)
<latexit sha1_base64="VbaHYBpp/WKxvKZzj+9n7uYeQtw=">AAACEHicbVDLSgMxFM3UV62vqks3wSLUTZkRQZdFNy4r2Ae2Q8mkd9rQPIYkI5ShPyFu9TvciVv/wM/wD0wfC9t6IHA4517OzYkSzoz1/W8vt7a+sbmV3y7s7O7tHxQPjxpGpZpCnSqudCsiBjiTULfMcmglGoiIODSj4e3Ebz6BNkzJBztKIBSkL1nMKLFOeuwoAX2Cy/a8Wyz5FX8KvEqCOSmhOWrd4k+np2gqQFrKiTHtwE9smBFtGeUwLnRSAwmhQ9KHtqOSCDBhNr14jM+c0sOx0u5Ji6fq342MCGNGInKTgtiBWfYm4n9eO7XxdZgxmaQWJJ0FxSnHVuHJ93GPaaCWjxwhVDN3K6YDogm1rqSFlEi4bRwp3osJBTyJch0Fy42sksZFJfArwf1lqXozbyuPTtApKqMAXaEqukM1VEcUSfSCXtGb9+y9ex/e52w05813jtECvK9fm0icfQ==</latexit><latexit sha1_base64="VbaHYBpp/WKxvKZzj+9n7uYeQtw=">AAACEHicbVDLSgMxFM3UV62vqks3wSLUTZkRQZdFNy4r2Ae2Q8mkd9rQPIYkI5ShPyFu9TvciVv/wM/wD0wfC9t6IHA4517OzYkSzoz1/W8vt7a+sbmV3y7s7O7tHxQPjxpGpZpCnSqudCsiBjiTULfMcmglGoiIODSj4e3Ebz6BNkzJBztKIBSkL1nMKLFOeuwoAX2Cy/a8Wyz5FX8KvEqCOSmhOWrd4k+np2gqQFrKiTHtwE9smBFtGeUwLnRSAwmhQ9KHtqOSCDBhNr14jM+c0sOx0u5Ji6fq342MCGNGInKTgtiBWfYm4n9eO7XxdZgxmaQWJJ0FxSnHVuHJ93GPaaCWjxwhVDN3K6YDogm1rqSFlEi4bRwp3osJBTyJch0Fy42sksZFJfArwf1lqXozbyuPTtApKqMAXaEqukM1VEcUSfSCXtGb9+y9ex/e52w05813jtECvK9fm0icfQ==</latexit><latexit sha1_base64="VbaHYBpp/WKxvKZzj+9n7uYeQtw=">AAACEHicbVDLSgMxFM3UV62vqks3wSLUTZkRQZdFNy4r2Ae2Q8mkd9rQPIYkI5ShPyFu9TvciVv/wM/wD0wfC9t6IHA4517OzYkSzoz1/W8vt7a+sbmV3y7s7O7tHxQPjxpGpZpCnSqudCsiBjiTULfMcmglGoiIODSj4e3Ebz6BNkzJBztKIBSkL1nMKLFOeuwoAX2Cy/a8Wyz5FX8KvEqCOSmhOWrd4k+np2gqQFrKiTHtwE9smBFtGeUwLnRSAwmhQ9KHtqOSCDBhNr14jM+c0sOx0u5Ji6fq342MCGNGInKTgtiBWfYm4n9eO7XxdZgxmaQWJJ0FxSnHVuHJ93GPaaCWjxwhVDN3K6YDogm1rqSFlEi4bRwp3osJBTyJch0Fy42sksZFJfArwf1lqXozbyuPTtApKqMAXaEqukM1VEcUSfSCXtGb9+y9ex/e52w05813jtECvK9fm0icfQ==</latexit><latexit sha1_base64="VbaHYBpp/WKxvKZzj+9n7uYeQtw=">AAACEHicbVDLSgMxFM3UV62vqks3wSLUTZkRQZdFNy4r2Ae2Q8mkd9rQPIYkI5ShPyFu9TvciVv/wM/wD0wfC9t6IHA4517OzYkSzoz1/W8vt7a+sbmV3y7s7O7tHxQPjxpGpZpCnSqudCsiBjiTULfMcmglGoiIODSj4e3Ebz6BNkzJBztKIBSkL1nMKLFOeuwoAX2Cy/a8Wyz5FX8KvEqCOSmhOWrd4k+np2gqQFrKiTHtwE9smBFtGeUwLnRSAwmhQ9KHtqOSCDBhNr14jM+c0sOx0u5Ji6fq342MCGNGInKTgtiBWfYm4n9eO7XxdZgxmaQWJJ0FxSnHVuHJ93GPaaCWjxwhVDN3K6YDogm1rqSFlEi4bRwp3osJBTyJch0Fy42sksZFJfArwf1lqXozbyuPTtApKqMAXaEqukM1VEcUSfSCXtGb9+y9ex/e52w05813jtECvK9fm0icfQ==</latexit>

Im(z)
<latexit sha1_base64="+7jg6ZBa1fESeIWe+84iRyi9K6s=">AAACEXicbVDLSgMxFM34rPVVdekmWIS6KTMi6LLoRncV7AOmQ8lkMm1oHkOSEerQrxC3+h3uxK1f4Gf4B2baWdjWA4HDOfdybk6YMKqN6347K6tr6xubpa3y9s7u3n7l4LCtZaowaWHJpOqGSBNGBWkZahjpJoogHjLSCUc3ud95JEpTKR7MOCEBRwNBY4qRsZKf9RSHd3xSezrrV6pu3Z0CLhOvIFVQoNmv/PQiiVNOhMEMae17bmKCDClDMSOTci/VJEF4hAbEt1QgTnSQTU+ewFOrRDCWyj5h4FT9u5EhrvWYh3aSIzPUi14u/uf5qYmvgoyKJDVE4FlQnDJoJMz/DyOqCDZsbAnCitpbIR4ihbCxLc2lhNxuw1CyKEaYwDzKduQtNrJM2ud1z6179xfVxnXRVgkcgxNQAx64BA1wC5qgBTCQ4AW8gjfn2Xl3PpzP2eiKU+wcgTk4X7+mSZ0R</latexit><latexit sha1_base64="+7jg6ZBa1fESeIWe+84iRyi9K6s=">AAACEXicbVDLSgMxFM34rPVVdekmWIS6KTMi6LLoRncV7AOmQ8lkMm1oHkOSEerQrxC3+h3uxK1f4Gf4B2baWdjWA4HDOfdybk6YMKqN6347K6tr6xubpa3y9s7u3n7l4LCtZaowaWHJpOqGSBNGBWkZahjpJoogHjLSCUc3ud95JEpTKR7MOCEBRwNBY4qRsZKf9RSHd3xSezrrV6pu3Z0CLhOvIFVQoNmv/PQiiVNOhMEMae17bmKCDClDMSOTci/VJEF4hAbEt1QgTnSQTU+ewFOrRDCWyj5h4FT9u5EhrvWYh3aSIzPUi14u/uf5qYmvgoyKJDVE4FlQnDJoJMz/DyOqCDZsbAnCitpbIR4ihbCxLc2lhNxuw1CyKEaYwDzKduQtNrJM2ud1z6179xfVxnXRVgkcgxNQAx64BA1wC5qgBTCQ4AW8gjfn2Xl3PpzP2eiKU+wcgTk4X7+mSZ0R</latexit><latexit sha1_base64="+7jg6ZBa1fESeIWe+84iRyi9K6s=">AAACEXicbVDLSgMxFM34rPVVdekmWIS6KTMi6LLoRncV7AOmQ8lkMm1oHkOSEerQrxC3+h3uxK1f4Gf4B2baWdjWA4HDOfdybk6YMKqN6347K6tr6xubpa3y9s7u3n7l4LCtZaowaWHJpOqGSBNGBWkZahjpJoogHjLSCUc3ud95JEpTKR7MOCEBRwNBY4qRsZKf9RSHd3xSezrrV6pu3Z0CLhOvIFVQoNmv/PQiiVNOhMEMae17bmKCDClDMSOTci/VJEF4hAbEt1QgTnSQTU+ewFOrRDCWyj5h4FT9u5EhrvWYh3aSIzPUi14u/uf5qYmvgoyKJDVE4FlQnDJoJMz/DyOqCDZsbAnCitpbIR4ihbCxLc2lhNxuw1CyKEaYwDzKduQtNrJM2ud1z6179xfVxnXRVgkcgxNQAx64BA1wC5qgBTCQ4AW8gjfn2Xl3PpzP2eiKU+wcgTk4X7+mSZ0R</latexit><latexit sha1_base64="+7jg6ZBa1fESeIWe+84iRyi9K6s=">AAACEXicbVDLSgMxFM34rPVVdekmWIS6KTMi6LLoRncV7AOmQ8lkMm1oHkOSEerQrxC3+h3uxK1f4Gf4B2baWdjWA4HDOfdybk6YMKqN6347K6tr6xubpa3y9s7u3n7l4LCtZaowaWHJpOqGSBNGBWkZahjpJoogHjLSCUc3ud95JEpTKR7MOCEBRwNBY4qRsZKf9RSHd3xSezrrV6pu3Z0CLhOvIFVQoNmv/PQiiVNOhMEMae17bmKCDClDMSOTci/VJEF4hAbEt1QgTnSQTU+ewFOrRDCWyj5h4FT9u5EhrvWYh3aSIzPUi14u/uf5qYmvgoyKJDVE4FlQnDJoJMz/DyOqCDZsbAnCitpbIR4ihbCxLc2lhNxuw1CyKEaYwDzKduQtNrJM2ud1z6179xfVxnXRVgkcgxNQAx64BA1wC5qgBTCQ4AW8gjfn2Xl3PpzP2eiKU+wcgTk4X7+mSZ0R</latexit>

x

V

!(t)
<latexit sha1_base64="VbaHYBpp/WKxvKZzj+9n7uYeQtw=">AAACEHicbVDLSgMxFM3UV62vqks3wSLUTZkRQZdFNy4r2Ae2Q8mkd9rQPIYkI5ShPyFu9TvciVv/wM/wD0wfC9t6IHA4517OzYkSzoz1/W8vt7a+sbmV3y7s7O7tHxQPjxpGpZpCnSqudCsiBjiTULfMcmglGoiIODSj4e3Ebz6BNkzJBztKIBSkL1nMKLFOeuwoAX2Cy/a8Wyz5FX8KvEqCOSmhOWrd4k+np2gqQFrKiTHtwE9smBFtGeUwLnRSAwmhQ9KHtqOSCDBhNr14jM+c0sOx0u5Ji6fq342MCGNGInKTgtiBWfYm4n9eO7XxdZgxmaQWJJ0FxSnHVuHJ93GPaaCWjxwhVDN3K6YDogm1rqSFlEi4bRwp3osJBTyJch0Fy42sksZFJfArwf1lqXozbyuPTtApKqMAXaEqukM1VEcUSfSCXtGb9+y9ex/e52w05813jtECvK9fm0icfQ==</latexit><latexit sha1_base64="VbaHYBpp/WKxvKZzj+9n7uYeQtw=">AAACEHicbVDLSgMxFM3UV62vqks3wSLUTZkRQZdFNy4r2Ae2Q8mkd9rQPIYkI5ShPyFu9TvciVv/wM/wD0wfC9t6IHA4517OzYkSzoz1/W8vt7a+sbmV3y7s7O7tHxQPjxpGpZpCnSqudCsiBjiTULfMcmglGoiIODSj4e3Ebz6BNkzJBztKIBSkL1nMKLFOeuwoAX2Cy/a8Wyz5FX8KvEqCOSmhOWrd4k+np2gqQFrKiTHtwE9smBFtGeUwLnRSAwmhQ9KHtqOSCDBhNr14jM+c0sOx0u5Ji6fq342MCGNGInKTgtiBWfYm4n9eO7XxdZgxmaQWJJ0FxSnHVuHJ93GPaaCWjxwhVDN3K6YDogm1rqSFlEi4bRwp3osJBTyJch0Fy42sksZFJfArwf1lqXozbyuPTtApKqMAXaEqukM1VEcUSfSCXtGb9+y9ex/e52w05813jtECvK9fm0icfQ==</latexit><latexit sha1_base64="VbaHYBpp/WKxvKZzj+9n7uYeQtw=">AAACEHicbVDLSgMxFM3UV62vqks3wSLUTZkRQZdFNy4r2Ae2Q8mkd9rQPIYkI5ShPyFu9TvciVv/wM/wD0wfC9t6IHA4517OzYkSzoz1/W8vt7a+sbmV3y7s7O7tHxQPjxpGpZpCnSqudCsiBjiTULfMcmglGoiIODSj4e3Ebz6BNkzJBztKIBSkL1nMKLFOeuwoAX2Cy/a8Wyz5FX8KvEqCOSmhOWrd4k+np2gqQFrKiTHtwE9smBFtGeUwLnRSAwmhQ9KHtqOSCDBhNr14jM+c0sOx0u5Ji6fq342MCGNGInKTgtiBWfYm4n9eO7XxdZgxmaQWJJ0FxSnHVuHJ93GPaaCWjxwhVDN3K6YDogm1rqSFlEi4bRwp3osJBTyJch0Fy42sksZFJfArwf1lqXozbyuPTtApKqMAXaEqukM1VEcUSfSCXtGb9+y9ex/e52w05813jtECvK9fm0icfQ==</latexit><latexit sha1_base64="VbaHYBpp/WKxvKZzj+9n7uYeQtw=">AAACEHicbVDLSgMxFM3UV62vqks3wSLUTZkRQZdFNy4r2Ae2Q8mkd9rQPIYkI5ShPyFu9TvciVv/wM/wD0wfC9t6IHA4517OzYkSzoz1/W8vt7a+sbmV3y7s7O7tHxQPjxpGpZpCnSqudCsiBjiTULfMcmglGoiIODSj4e3Ebz6BNkzJBztKIBSkL1nMKLFOeuwoAX2Cy/a8Wyz5FX8KvEqCOSmhOWrd4k+np2gqQFrKiTHtwE9smBFtGeUwLnRSAwmhQ9KHtqOSCDBhNr14jM+c0sOx0u5Ji6fq342MCGNGInKTgtiBWfYm4n9eO7XxdZgxmaQWJJ0FxSnHVuHJ93GPaaCWjxwhVDN3K6YDogm1rqSFlEi4bRwp3osJBTyJch0Fy42sksZFJfArwf1lqXozbyuPTtApKqMAXaEqukM1VEcUSfSCXtGb9+y9ex/e52w05813jtECvK9fm0icfQ==</latexit>

Quantum

Note 2: all quantum operators can be written in terms of the 

classical variable z(t) and the initial values of the operators.

Note 1: for any ω(t). 



Initial Conditions

Quantum ground state implies classical system must have:


• zero point energy = 𝜔/2


• angular momentum = 1/2

x

V

!(t)
<latexit sha1_base64="VbaHYBpp/WKxvKZzj+9n7uYeQtw=">AAACEHicbVDLSgMxFM3UV62vqks3wSLUTZkRQZdFNy4r2Ae2Q8mkd9rQPIYkI5ShPyFu9TvciVv/wM/wD0wfC9t6IHA4517OzYkSzoz1/W8vt7a+sbmV3y7s7O7tHxQPjxpGpZpCnSqudCsiBjiTULfMcmglGoiIODSj4e3Ebz6BNkzJBztKIBSkL1nMKLFOeuwoAX2Cy/a8Wyz5FX8KvEqCOSmhOWrd4k+np2gqQFrKiTHtwE9smBFtGeUwLnRSAwmhQ9KHtqOSCDBhNr14jM+c0sOx0u5Ji6fq342MCGNGInKTgtiBWfYm4n9eO7XxdZgxmaQWJJ0FxSnHVuHJ93GPaaCWjxwhVDN3K6YDogm1rqSFlEi4bRwp3osJBTyJch0Fy42sksZFJfArwf1lqXozbyuPTtApKqMAXaEqukM1VEcUSfSCXtGb9+y9ex/e52w05813jtECvK9fm0icfQ==</latexit><latexit sha1_base64="VbaHYBpp/WKxvKZzj+9n7uYeQtw=">AAACEHicbVDLSgMxFM3UV62vqks3wSLUTZkRQZdFNy4r2Ae2Q8mkd9rQPIYkI5ShPyFu9TvciVv/wM/wD0wfC9t6IHA4517OzYkSzoz1/W8vt7a+sbmV3y7s7O7tHxQPjxpGpZpCnSqudCsiBjiTULfMcmglGoiIODSj4e3Ebz6BNkzJBztKIBSkL1nMKLFOeuwoAX2Cy/a8Wyz5FX8KvEqCOSmhOWrd4k+np2gqQFrKiTHtwE9smBFtGeUwLnRSAwmhQ9KHtqOSCDBhNr14jM+c0sOx0u5Ji6fq342MCGNGInKTgtiBWfYm4n9eO7XxdZgxmaQWJJ0FxSnHVuHJ93GPaaCWjxwhVDN3K6YDogm1rqSFlEi4bRwp3osJBTyJch0Fy42sksZFJfArwf1lqXozbyuPTtApKqMAXaEqukM1VEcUSfSCXtGb9+y9ex/e52w05813jtECvK9fm0icfQ==</latexit><latexit sha1_base64="VbaHYBpp/WKxvKZzj+9n7uYeQtw=">AAACEHicbVDLSgMxFM3UV62vqks3wSLUTZkRQZdFNy4r2Ae2Q8mkd9rQPIYkI5ShPyFu9TvciVv/wM/wD0wfC9t6IHA4517OzYkSzoz1/W8vt7a+sbmV3y7s7O7tHxQPjxpGpZpCnSqudCsiBjiTULfMcmglGoiIODSj4e3Ebz6BNkzJBztKIBSkL1nMKLFOeuwoAX2Cy/a8Wyz5FX8KvEqCOSmhOWrd4k+np2gqQFrKiTHtwE9smBFtGeUwLnRSAwmhQ9KHtqOSCDBhNr14jM+c0sOx0u5Ji6fq342MCGNGInKTgtiBWfYm4n9eO7XxdZgxmaQWJJ0FxSnHVuHJ93GPaaCWjxwhVDN3K6YDogm1rqSFlEi4bRwp3osJBTyJch0Fy42sksZFJfArwf1lqXozbyuPTtApKqMAXaEqukM1VEcUSfSCXtGb9+y9ex/e52w05813jtECvK9fm0icfQ==</latexit><latexit sha1_base64="VbaHYBpp/WKxvKZzj+9n7uYeQtw=">AAACEHicbVDLSgMxFM3UV62vqks3wSLUTZkRQZdFNy4r2Ae2Q8mkd9rQPIYkI5ShPyFu9TvciVv/wM/wD0wfC9t6IHA4517OzYkSzoz1/W8vt7a+sbmV3y7s7O7tHxQPjxpGpZpCnSqudCsiBjiTULfMcmglGoiIODSj4e3Ebz6BNkzJBztKIBSkL1nMKLFOeuwoAX2Cy/a8Wyz5FX8KvEqCOSmhOWrd4k+np2gqQFrKiTHtwE9smBFtGeUwLnRSAwmhQ9KHtqOSCDBhNr14jM+c0sOx0u5Ji6fq342MCGNGInKTgtiBWfYm4n9eO7XxdZgxmaQWJJ0FxSnHVuHJ93GPaaCWjxwhVDN3K6YDogm1rqSFlEi4bRwp3osJBTyJch0Fy42sksZFJfArwf1lqXozbyuPTtApKqMAXaEqukM1VEcUSfSCXtGb9+y9ex/e52w05813jtECvK9fm0icfQ==</latexit>

Energy can increase with time but angular momentum stays constant.
<latexit sha1_base64="nC7b6k8rEOkn4wQsbruiXOVg7No="></latexit>

E(t) =
1

2
|z0 � i!z|2

<latexit sha1_base64="vXN/fPf/nFHqVTi8qYwHDoio6JE="></latexit>

J = �i(z0z⇤ � zz⇤0)/2 = 1/2



Unexciting SHO backgrounds
<latexit sha1_base64="XweK34KI4Fhsn3XhXX6wElXdp+Q="></latexit>

E(tf ) =
1

2
|z0f � i!fzf |2 = 0

Note: Only require final (asymptotic). excitation energy to vanish. Stricter requirement 
with zero excitation energy at all times gives trivial background (discussed later).

<latexit sha1_base64="yjq3HFqI3tnC5Nx7z1jQCiW7dmg="></latexit>

z(t) = ⇢(t)ei✓(t)Write:
<latexit sha1_base64="8vF2lk3tSvks9kycdaHXd1PZeyw="></latexit>

✓0 = � 1

2⇢2
Angular momentum constraint gives:

<latexit sha1_base64="PVBG476U5KUk+dVVZZO8lw9g66U="></latexit>

⇢00 + !2⇢ =
1

4⇢3
Equation of motion gives:

Write as solution for background:
<latexit sha1_base64="4txC6zbBK7WkpiCpO7Y6b+k4Vv0="></latexit>

!2 =
1

4⇢4
� ⇢00

⇢



Unexciting SHO solution

Unexciting solution:

<latexit sha1_base64="pmzzt2vs0C6QlOv3fPgv4Zr7TDE="></latexit>

!(t) =

s
1

4⇢4
� ⇢00

⇢

<latexit sha1_base64="h6tn+Q3eo9JVgHpDHR+n3pmyo4g="></latexit>

⇢0i = ⇢00i = ⇢0f = ⇢00f = 0for any real function 𝜌(t) satisfying:

Additionally, we choose 𝜌(t) so that ω(t) is real.

<latexit sha1_base64="Ph3Tpt8ezAzxna9WC8aRvkeKoiM="></latexit>

E(t) =
⇢02

2
+

⇢2

2

✓
1

2⇢2
� !

◆2

Therefore unexciting if:
<latexit sha1_base64="2ybgmTy0kK6gBIi1Pmtfc8PE5XY=">AAAB+3icbZDLSsNAFIYn9VbrLVZw4ya0iK5KYmubLgoFNy4r2Au0IUymk3bo5MLMRCyhr+KmC0XcuvUh3Llx53s4TYp4+2Hg4z/ncM78TkgJF7r+pmRWVtfWN7Kbua3tnd09dT/f4UHEEG6jgAas50COKfFxWxBBcS9kGHoOxV1ncrGod28w4yTwr8U0xJYHRz5xCYJCWraaH7BxcGK7Db2RkERbLeolPZH2F4wlFJuF+Uvh4/2wZauvg2GAIg/7AlHIed/QQ2HFkAmCKJ7lBhHHIUQTOMJ9iT70MLfi5PaZdiydoeYGTD5faIn7fSKGHudTz5GdHhRj/ru2MP+r9SPhmlZM/DAS2EfpIjeimgi0RRDakDCMBJ1KgIgReauGxpBBJGRcuSSEes2sGDX597p5Xk1Bqlz+CqFzVjKqpcqVTMMEqbLgCBTAKTBADTTBJWiBNkDgFtyBe/CgzJS58qg8pa0ZZTlzAH5Ief4EjCKXeg==</latexit>

⇢0f = 0 = ⇢00f

since 𝜌f’’=0 ensures vanishing angular part of energy (second term). 



An Explicit Example
3

<latexit sha1_base64="pIhgNgCCHb+s/GrlulU6sXft4tA=">AAAB8nicbVDLSsNAFJ34rPVVdSnIYBHqpiS29rGRghuXVewD0lAm00k7dCYJMxOhhn6GC7tQxK1f486/cZoU8XXgwuGce7n3HjdkVCrT/DCWlldW19YzG9nNre2d3dzeflsGkcCkhQMWiK6LJGHUJy1FFSPdUBDEXUY67vhy7nfuiJA08G/VJCQOR0OfehQjpSU77gkOb8i0cH/az+XNopkA/iXWguQbR49zzJr93HtvEOCIE19hhqS0LTNUToyEopiRabYXSRIiPEZDYmvqI06kEycnT+GJVgbQC4QuX8FE/T4RIy7lhLu6kyM1kr+9ufifZ0fKqzkx9cNIER+ni7yIQRXA+f9wQAXBik00QVhQfSvEIyQQVjqlbBJCvVorW1X9e712XkmJRqn0FUL7rGhViuVrncYFSJEBh+AYFIAFqqABrkATtAAGAXgAT+DZUMbMeDFe09YlYzFzAH7AePsEBqKVIg==</latexit>

Re(z)

<latexit sha1_base64="z/SCy6MRAlArXtChI81ES/ueT+M=">AAAB8nicbVDLSsNAFJ34rPVVdSnIYBHqpiS29rGRghvdVbAPSEOZTKft0JkkzEyEGvoZLuxCEbd+jTv/xklSxNeBC4dz7uXee9yAUalM88NYWl5ZXVvPbGQ3t7Z3dnN7+23phwKTFvaZL7oukoRRj7QUVYx0A0EQdxnpuJPL2O/cESGp792qaUAcjkYeHVKMlJbsqCc4vOazwv1pP5c3i2YC+JdYC5JvHD3GmDf7uffewMchJ57CDElpW2agnAgJRTEjs2wvlCRAeIJGxNbUQ5xIJ0pOnsETrQzg0Be6PAUT9ftEhLiUU+7qTo7UWP72YvE/zw7VsOZE1AtCRTycLhqGDCofxv/DARUEKzbVBGFB9a0Qj5FAWOmUskkI9WqtbFX17/XaeSUlGqXSVwjts6JVKZZvdBoXIEUGHIJjUAAWqIIGuAJN0AIY+OABPIFnQxlz48V4TVuXjMXMAfgB4+0TBRGVIQ==</latexit>

Im(z)

<latexit sha1_base64="zQqhR0BWdN9UEhLjcRs55ToPWpM=">AAAB63icbVDLSsNAFJ3UV62vqktBBotQNyWxtY+NFNy4rGAf0IYymU7aoZNJmJkINfQX3LhQi1t/yJ1/4yQp4uvAhcM593LvPU7AqFSm+WFkVlbX1jeym7mt7Z3dvfz+QUf6ocCkjX3mi56DJGGUk7aiipFeIAjyHEa6zvQq9rt3REjq81s1C4jtoTGnLsVIxVKneH82zBfMkpkA/iXWkhSaxy8xFq1h/n0w8nHoEa4wQ1L2LTNQdoSEopiReW4QShIgPEVj0teUI49IO0puncNTrYyg6wtdXMFE/T4RIU/KmefoTg+pifztxeJ/Xj9Ubt2OKA9CRThOF7khg8qH8eNwRAXBis00QVhQfSvEEyQQVjqeXBJCo1avWDX9e6N+UU2JRrn8FULnvGRVS5UbncYlSJEFR+AEFIEFaqAJrkELtAEGE/AAnsCz4RmPxsJ4TVszxnLmEPyA8fYJ1/CSKA==</latexit>

V (z)

FIG. 2: The potential for the complex variable z is parabolic

in two dimensions (one complex dimension). Conservation

of angular momentum implies that the trajectory of z goes

around the parabola. If the trajectory oscillates, as shown by

the solid curve, there is net particle production. There is no

net particle production if the trajectory does not oscillate at

late times.

where

�(t) = �
Z t

ti

dt0

4⇢2(t0)
. (15)

Let us now consider the case of an unexciting background
with !i = !f . Then the conditions in (11) imply that
⇢i = ⇢f , and the phase di↵erence from the case of a
trivial background with !(t) = !i is,

��(t) = �1

4

Z t

ti

dt0
Å

1

⇢2(t0)
� 1

⇢2i

ã
. (16)

B. An explicit example

Consider the choice of function

⇢(t) = 1 +
1

2
tanh(t). (17)

with ti ! �1 and tf ! +1. This choice satisfies the
conditions ⇢0i = ⇢00i = 0 and ⇢0f = ⇢00f = 0 required for an
unexciting background. Then (10) gives us !(t) which
we plot in Fig. 3 and in Fig. 4 we plot the energy in
excitations as a function of time. At early times the
energy in excitations grows but all the energy is absorbed
at late times to give no net production of energy.

C. A more general derivation

The construction of the unexciting background in
Sec. IA was explicit but it used polar coordinates that
do not generalize easily to the field theory case. Here
we construct !(t) in terms of the complex variables z(t)

-4 -2 2 4
t

0.5

1.0

1.5

2.0

�(t)

FIG. 3: The frequency !(t) for the explicit example of Sec. I B.

FIG. 4: The excitation energy E(t) for the explicit example

of Sec. I B.

and the procedure can be generalized to field theory as
in Sec. III.

We start with the identities

(zz⇤)0 = zz0⇤ + z0z⇤, (zz⇤)00 = 2(z0z⇤0 � !2zz⇤) (18)

Therefore,

F (t) ⌘ (z0� i!z)(z0 + i!z)⇤ =
1

2
(zz⇤)00� i!(zz⇤)0. (19)

Now consider z(t) such that

(zz⇤)00i = 0 = (zz⇤)0i (20)

and

(zz⇤)00f = 0 = (zz⇤)0f . (21)

Then (19) shows that Fi = 0 = Ff , implying that one of
the two factors (z0 � i!z) or (z0 + i!z) must vanish at ti
and tf . At ti the initial conditions tell us that

(z0 � i!z)i = 0. (22)

At tf we use the angular momentum constraint,

z0z⇤ � zz⇤0 = i (23)

3

<latexit sha1_base64="pIhgNgCCHb+s/GrlulU6sXft4tA=">AAAB8nicbVDLSsNAFJ34rPVVdSnIYBHqpiS29rGRghuXVewD0lAm00k7dCYJMxOhhn6GC7tQxK1f486/cZoU8XXgwuGce7n3HjdkVCrT/DCWlldW19YzG9nNre2d3dzeflsGkcCkhQMWiK6LJGHUJy1FFSPdUBDEXUY67vhy7nfuiJA08G/VJCQOR0OfehQjpSU77gkOb8i0cH/az+XNopkA/iXWguQbR49zzJr93HtvEOCIE19hhqS0LTNUToyEopiRabYXSRIiPEZDYmvqI06kEycnT+GJVgbQC4QuX8FE/T4RIy7lhLu6kyM1kr+9ufifZ0fKqzkx9cNIER+ni7yIQRXA+f9wQAXBik00QVhQfSvEIyQQVjqlbBJCvVorW1X9e712XkmJRqn0FUL7rGhViuVrncYFSJEBh+AYFIAFqqABrkATtAAGAXgAT+DZUMbMeDFe09YlYzFzAH7AePsEBqKVIg==</latexit>

Re(z)

<latexit sha1_base64="z/SCy6MRAlArXtChI81ES/ueT+M=">AAAB8nicbVDLSsNAFJ34rPVVdSnIYBHqpiS29rGRghvdVbAPSEOZTKft0JkkzEyEGvoZLuxCEbd+jTv/xklSxNeBC4dz7uXee9yAUalM88NYWl5ZXVvPbGQ3t7Z3dnN7+23phwKTFvaZL7oukoRRj7QUVYx0A0EQdxnpuJPL2O/cESGp792qaUAcjkYeHVKMlJbsqCc4vOazwv1pP5c3i2YC+JdYC5JvHD3GmDf7uffewMchJ57CDElpW2agnAgJRTEjs2wvlCRAeIJGxNbUQ5xIJ0pOnsETrQzg0Be6PAUT9ftEhLiUU+7qTo7UWP72YvE/zw7VsOZE1AtCRTycLhqGDCofxv/DARUEKzbVBGFB9a0Qj5FAWOmUskkI9WqtbFX17/XaeSUlGqXSVwjts6JVKZZvdBoXIEUGHIJjUAAWqIIGuAJN0AIY+OABPIFnQxlz48V4TVuXjMXMAfgB4+0TBRGVIQ==</latexit>

Im(z)

<latexit sha1_base64="zQqhR0BWdN9UEhLjcRs55ToPWpM=">AAAB63icbVDLSsNAFJ3UV62vqktBBotQNyWxtY+NFNy4rGAf0IYymU7aoZNJmJkINfQX3LhQi1t/yJ1/4yQp4uvAhcM593LvPU7AqFSm+WFkVlbX1jeym7mt7Z3dvfz+QUf6ocCkjX3mi56DJGGUk7aiipFeIAjyHEa6zvQq9rt3REjq81s1C4jtoTGnLsVIxVKneH82zBfMkpkA/iXWkhSaxy8xFq1h/n0w8nHoEa4wQ1L2LTNQdoSEopiReW4QShIgPEVj0teUI49IO0puncNTrYyg6wtdXMFE/T4RIU/KmefoTg+pifztxeJ/Xj9Ubt2OKA9CRThOF7khg8qH8eNwRAXBis00QVhQfSvEEyQQVjqeXBJCo1avWDX9e6N+UU2JRrn8FULnvGRVS5UbncYlSJEFR+AEFIEFaqAJrkELtAEGE/AAnsCz4RmPxsJ4TVszxnLmEPyA8fYJ1/CSKA==</latexit>

V (z)

FIG. 2: The potential for the complex variable z is parabolic

in two dimensions (one complex dimension). Conservation

of angular momentum implies that the trajectory of z goes

around the parabola. If the trajectory oscillates, as shown by

the solid curve, there is net particle production. There is no

net particle production if the trajectory does not oscillate at

late times.

where

�(t) = �
Z t

ti

dt0

4⇢2(t0)
. (15)

Let us now consider the case of an unexciting background
with !i = !f . Then the conditions in (11) imply that
⇢i = ⇢f , and the phase di↵erence from the case of a
trivial background with !(t) = !i is,

��(t) = �1

4

Z t

ti

dt0
Å

1

⇢2(t0)
� 1

⇢2i

ã
. (16)

B. An explicit example

Consider the choice of function

⇢(t) = 1 +
1

2
tanh(t). (17)

with ti ! �1 and tf ! +1. This choice satisfies the
conditions ⇢0i = ⇢00i = 0 and ⇢0f = ⇢00f = 0 required for an
unexciting background. Then (10) gives us !(t) which
we plot in Fig. 3 and in Fig. 4 we plot the energy in
excitations as a function of time. At early times the
energy in excitations grows but all the energy is absorbed
at late times to give no net production of energy.

C. A more general derivation

The construction of the unexciting background in
Sec. IA was explicit but it used polar coordinates that
do not generalize easily to the field theory case. Here
we construct !(t) in terms of the complex variables z(t)

FIG. 3: The frequency !(t) for the explicit example of Sec. I B.
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FIG. 4: The excitation energy E(t) for the explicit example

of Sec. I B.

and the procedure can be generalized to field theory as
in Sec. III.

We start with the identities

(zz⇤)0 = zz0⇤ + z0z⇤, (zz⇤)00 = 2(z0z⇤0 � !2zz⇤) (18)

Therefore,

F (t) ⌘ (z0� i!z)(z0 + i!z)⇤ =
1

2
(zz⇤)00� i!(zz⇤)0. (19)

Now consider z(t) such that

(zz⇤)00i = 0 = (zz⇤)0i (20)

and

(zz⇤)00f = 0 = (zz⇤)0f . (21)

Then (19) shows that Fi = 0 = Ff , implying that one of
the two factors (z0 � i!z) or (z0 + i!z) must vanish at ti
and tf . At ti the initial conditions tell us that

(z0 � i!z)i = 0. (22)

At tf we use the angular momentum constraint,

z0z⇤ � zz⇤0 = i (23)

<latexit sha1_base64="T3cS9DbmRJK1103l+A0jwf5FFvo="></latexit>

⇢(t) = 1 +
1

2
tanh(t)



Phase of the wavefunction

<latexit sha1_base64="h+TBdUH2s+N8yJkIC0aoNUA2h8I="></latexit>

 (t, x) =
ei�(t)

(2⇡⇢2)1/4
exp


i

2

✓
⇢̇

⇢
+

i

2⇢2

◆
x2

�

<latexit sha1_base64="EKIsiNxwdomuvE/ntK05MMkGZE0="></latexit>

�(t) = �
Z t

ti

dt0

4⇢2(t0)

<latexit sha1_base64="xf26VzC1G6EknPgylnA7VTzzRWU="></latexit>

�� = �1

4

Z tf

ti

dt0
✓

1

⇢2(t0)
� 1

⇢2i

◆

Even if the background is unexciting and the final frequency equals the

initial frequency, the wavefunction obtains an additional phase.



Field Theory: CQC
George Zahariade & TV

Now the “Bogolyubov coefficients” are matrices:
<latexit sha1_base64="hUF5SqyJicN3YaAGuvTLuLX7zz4=">AAAB+3icbVDLTgIxFO34AsEH4pJNIzHBDZkR5LEjunGJiTwiTEinFKh0Hmk7RpzMH/gNblxojFt/xJ2/4dqFZYYYXydpcnrOvbn3HstjVEhdf9OWlldW1xLJ9VR6Y3NrO7OTbQvX55i0sMtc3rWQIIw6pCWpZKTrcYJsi5GONT2Z+50rwgV1nXM584hpo7FDRxQjqaRBJntTkAewL114MQjoZah+g0xeL+oR4F9iLEi+kXs/TqRvP5qDzGt/6GLfJo7EDAnRM3RPmgHikmJGwlTfF8RDeIrGpKeog2wizCDaPYT7ShnCkcvVcySM1O8dAbKFmNmWqrSRnIjf3lz8z+v5clQzA+p4viQOjgeNfAbVqfMg4JBygiWbKYIwp2pXiCeIIyxVXKkohHq1Vjaq6vZ67agSE4VS6SuE9mHRqBTLZyqNGoiRBDmwBwrAAFXQAKegCVoAg2twBx7AoxZq99qT9hyXLmmLnl3wA9rLJ97+lvk=</latexit>

z(t) ! Zij(t)

<latexit sha1_base64="qD90N0/sb1i3KJAJpSIwwuhTuK0=">AAAB/HicbVBLS0JBFD7XXmYvy2WbIQmDQO5V87EIhDZBiwxSw0cydxx1cO6DmbmBiP2VNi2KaNOiHxJu+iHtGx9Erw8OfHzfOZxzPtvnTCrTfDdCC4tLyyvh1cja+sbmVnR7pyK9QBBaJh73xJWNJeXMpWXFFKdXvqDYsTmt2v2TiV+9oUIyz71UA582Hdx1WYcRrLTUisZqiQQ6RI1zh3bxdQrV0LHZisbNpDkF+kusOYkX4eNlPA6dlVrRt0bbI4FDXUU4lrJumb5qDrFQjHA6ijQCSX1M+rhL65q62KGyOZweP0L7Wmmjjid0uQpN1e8TQ+xIOXBs3elg1ZO/vYn4n1cPVCffHDLXDxR1yWxRJ+BIeWiSBGozQYniA00wEUzfikgPC0yUzisyDaGQy2esnP69kD/KzohGOv0VQiWVtLLJzIVOIw8zhGEX9uAALMhBEU6hBGUgMIA7eIBH49a4N56M51lryJjPxOAHjNdPSF6Wng==</latexit>

Z 00 + ⌦2Z = 0Equation of motion:

<latexit sha1_base64="MsqBJRoGIViKdJ7f3Y5Msq3KMHU="></latexit>

Zi = � ip
2

⇣p
⌦i

⌘�1
, Z 0

i =
1p
2

p
⌦iInitial conditions:

<latexit sha1_base64="R906+SzE9SFmYwulidZpA2ChT9g="></latexit>

r2 =

8
><

>:

�2/a2, i = j

1/a2, i = j ± 1

0, otherwise

<latexit sha1_base64="vAQkdMbBDCuq6v89W5Z4GRr7hbI="></latexit>

⌦2 = �r2 + interaction matrix (V)

<latexit sha1_base64="u8Ti4mssk8exu6DvP7Ttd160Bkw="></latexit>

E =
1

2
Tr|Z 0 � i⌦Z|2Energy:

Constraint equations:
<latexit sha1_base64="vVBZknnQytPdkEpqxp9QslHGCDc="></latexit>

Z†Z 0 � Z†0Z = i, Z†Z⇤0 � Z†0Z⇤ = 0



Homogeneous backgrounds
For spatially homogeneous backgrounds, the quantum excitations can be 

decomposed into modes. Each mode is a SHO with a time-dependent frequency.

Homogeneous backgrounds can be chosen (just as for an SHO) so that any chosen 
mode remains unexcited but there will always be some modes that are excited.

<latexit sha1_base64="w0JaPnj4F0F1j68FmX7SEYTHm0g="></latexit>

z00k + !2
kzk = 0

<latexit sha1_base64="o8LaG6qq0cO/D7F0a4NL4XzDrlY="></latexit>

!2
k(t) =

1

4⇢4k
� ⇢00k

⇢k

since the background is homogeneous
<latexit sha1_base64="SIC48yOUbKcRQd3qjXVYiKjA1I8="></latexit>

= �k2 + V (k, t)



Homogeneous example
<latexit sha1_base64="SvenouqxuivlBUgr/iNfEswDB1c="></latexit>

��2(t) ̂2

Consider k=k* mode.
<latexit sha1_base64="lyC+03AP2MPc98oQiXyW5ansmTA="></latexit>

!2
k⇤(t) =

1

4⇢4k⇤

�
⇢00k⇤

⇢k⇤

= k2
⇤ +m2

 + ��2(t)

<latexit sha1_base64="NwCoA5+f/l0wfsMfo2sFwJcwXRI="></latexit>

��2(t) =
1

4⇢4k⇤

�
⇢00k⇤

⇢k⇤

� k2
⇤ �m2

 k* mode fixes background:

Consider a different mode, say k=p.
<latexit sha1_base64="u1fqOR3VBZYmwjZbvqXcXg7SEXo="></latexit>

z00p + [(p2 � k2
⇤) + !2

k⇤ ]zp = 0Then:

Unexciting boundary conditions imply:
<latexit sha1_base64="pv/hfOkd6m4thTWRYSpdvcyzl2U="></latexit>

⇢p(ti), ⇢0p(ti) = 0, ⇢0p(tf ) = 0 = ⇢00p(ti)

Too many boundary conditions to satisfy in general.



General backgrounds
<latexit sha1_base64="qD90N0/sb1i3KJAJpSIwwuhTuK0=">AAAB/HicbVBLS0JBFD7XXmYvy2WbIQmDQO5V87EIhDZBiwxSw0cydxx1cO6DmbmBiP2VNi2KaNOiHxJu+iHtGx9Erw8OfHzfOZxzPtvnTCrTfDdCC4tLyyvh1cja+sbmVnR7pyK9QBBaJh73xJWNJeXMpWXFFKdXvqDYsTmt2v2TiV+9oUIyz71UA582Hdx1WYcRrLTUisZqiQQ6RI1zh3bxdQrV0LHZisbNpDkF+kusOYkX4eNlPA6dlVrRt0bbI4FDXUU4lrJumb5qDrFQjHA6ijQCSX1M+rhL65q62KGyOZweP0L7Wmmjjid0uQpN1e8TQ+xIOXBs3elg1ZO/vYn4n1cPVCffHDLXDxR1yWxRJ+BIeWiSBGozQYniA00wEUzfikgPC0yUzisyDaGQy2esnP69kD/KzohGOv0VQiWVtLLJzIVOIw8zhGEX9uAALMhBEU6hBGUgMIA7eIBH49a4N56M51lryJjPxOAHjNdPSF6Wng==</latexit>

Z 00 + ⌦2Z = 0Equation of motion:

Constraint equations:
<latexit sha1_base64="vVBZknnQytPdkEpqxp9QslHGCDc="></latexit>

Z†Z 0 � Z†0Z = i, Z†Z⇤0 � Z†0Z⇤ = 0

<latexit sha1_base64="rNOpuu+P5PI0759HLG23bIsA11I="></latexit>

⇢2 = ZZ†Define:

<latexit sha1_base64="Wf+bcvZ8ZpjSnVoeV5llati068E=">AAAB8XicbVDLSgMxFM3UV62vapdugqXgqszY2k4XQsGNywr2QduhZNK0Dc0kQ5IRSunOT3DjQhG3/ocf4E4/wC/wA0ynIr4OXDiccy/33uOHjCpt2y9WYml5ZXUtuZ7a2Nza3knv7jWUiCQmdSyYkC0fKcIoJ3VNNSOtUBIU+Iw0/fHp3G9eEqmo4Bd6EhIvQENOBxQjbaR2G57ArhwJWO+ls3bejgH/EueTZKuZ3NX709trrZd+7vYFjgLCNWZIqY5jh9qbIqkpZmSW6kaKhAiP0ZB0DOUoIMqbxhfPYM4ofTgQ0hTXMFa/T0xRoNQk8E1ngPRI/fbm4n9eJ9ID15tSHkaacLxYNIgY1ALO34d9KgnWbGIIwpKaWyEeIYmwNiGl4hAqZbfolM3vFfe4tCAGhcJXCI2jvFPKF89NGi5YIAn2wQE4BA4ogyo4AzVQBxhwcA1uwZ2lrBvr3npYtCasz5kM+AHr8QMojZSv</latexit>

Z = ⇢U U is unitary

<latexit sha1_base64="HM7pdMjpnXrvKG5zzaONwctAw+A="></latexit>

U 0U† =
i

2
⇢�2

Solve the constraints:
<latexit sha1_base64="et5R8AvHSztTHZSBVx7zwxkaLSE="></latexit>

[⇢, ⇢0] = 0, {⇢2, U 0U†} = i

<latexit sha1_base64="D5xUFrxmOGydHVjW+aNm7Xj2UnA="></latexit>

[⇢, ⇢0] = 0, ⇢0i = ⇢00i = ⇢0f = ⇢00f = 0with:

<latexit sha1_base64="z7QG5EAFCbMfwEXJaJkIs29mUoM="></latexit>

⌦2 = �⇢00⇢�1 +
1

4
⇢�4Unexciting background:

For example: 
<latexit sha1_base64="BuUIF5b7qIt3/E7d/x00t93Zz4E="></latexit>

⇢(t) = A+
1

2
tanh(t)B, [A,B] = 0



Physical backgrounds?
<latexit sha1_base64="z7QG5EAFCbMfwEXJaJkIs29mUoM="></latexit>

⌦2 = �⇢00⇢�1 +
1

4
⇢�4Unexciting background:

Example:
<latexit sha1_base64="muSeARtdr+4c0YK5jj4hHSAgI1I="></latexit>

�

2
�2 2 interaction

Then:
<latexit sha1_base64="6oPEVqBEu1p+jX2Uz2X0pFqnMWY="></latexit>

⌦2 = �r2 +m2 + ��2

<latexit sha1_base64="hdGXCYUfLkXbA/DpsGy98eVjI7k="></latexit>

��2 = �
✓
(@2

t �r2)⇢+m2⇢� 1

4
⇢�3

◆
1

⇢

and the right-hand side should be diagonal for this to be a valid background.

How can we choose 𝜌(t) such that the interaction is “physical”?

Answer will depend on the physical system of interest.



Unexciting for all times
<latexit sha1_base64="u8Ti4mssk8exu6DvP7Ttd160Bkw="></latexit>

E =
1

2
Tr|Z 0 � i⌦Z|2Energy:

<latexit sha1_base64="Qnrw4icOI9/qEmPHWlLYmQPcgbk="></latexit>

Z 00 + ⌦2Z = i⌦0Z

<latexit sha1_base64="/+dmNGX0iDblGUvt40n2xdYRR1Q=">AAAB83icbVDLSsNAFJ34rPVVdSnIYBFdlcTWNl2IBTfubME+sAllMp22QycPZiZCCV36C25cKOLWfVd+hDu/wZ9wmhTxdeDC4Zx7ufceJ2BUSF1/1+bmFxaXllMr6dW19Y3NzNZ2Q/ghx6SOfebzloMEYdQjdUklI62AE+Q6jDSd4fnUb94QLqjvXclRQGwX9T3aoxhJJVnWpUv66BBew1O9k8nqOT0G/EuMGcmevU5qH7d7k2on82Z1fRy6xJOYISHahh5IO0JcUszIOG2FggQID1GftBX1kEuEHcU3j+GBUrqw53NVnoSx+n0iQq4QI9dRnS6SA/Hbm4r/ee1Q9kw7ol4QSuLhZFEvZFD6cBoA7FJOsGQjRRDmVN0K8QBxhKWKKR2HUC6ZBaOkfi+bJ8WEKOTzXyE0jnNGMVeo6dmKCRKkwC7YB0fAACVQARegCuoAgwDcgQfwqIXavfakPSetc9psZgf8gPbyCQ3WlRs=</latexit>

⌦0Z = 0

<latexit sha1_base64="ipjW2QQOWqdLCfMTf3xc3Ii1gsU=">AAAB8nicbVDLSsNAFJ3UV62vqktBBovoqiS2tulCLLhxZwv2AWkok+mkHTp5MDMRSunST3DjQhG3fkBXfoQ7v8GfcJoU8XXgwuGce7n3HidkVEhdf9dSC4tLyyvp1cza+sbmVnZ7pymCiGPSwAELeNtBgjDqk4akkpF2yAnyHEZazvBi5rduCBc08K/lKCS2h/o+dSlGUklW58ojfXQE4Znezeb0vB4D/iXGnOTOX6f1j9v9aa2bfev0Ahx5xJeYISEsQw+lPUZcUszIJNOJBAkRHqI+sRT1kUeEPY5PnsBDpfSgG3BVvoSx+n1ijDwhRp6jOj0kB+K3NxP/86xIuqY9pn4YSeLjZJEbMSgDOPsf9ignWLKRIghzqm6FeIA4wlKllIlDqJTNolFWv1fM01JCFAqFrxCaJ3mjlC/W9VzVBAnSYA8cgGNggDKogktQAw2AQQDuwAN41KR2rz1pz0lrSpvP7IIf0F4+AVzNlLc=</latexit>

⌦0 = 0

<latexit sha1_base64="uEsHQcM7kRUx4OAgp5K9vexqh3o=">AAAB6nicbVDLSsNAFJ3UV62vqktBBovgqiS2tulCLIjgskX7gDaUyXTSDp08mJkIJXTp0o0LRdz6EV35Ee78Bn/CaVLE14ELh3Pu5d577IBRIXX9XUstLC4tr6RXM2vrG5tb2e2dpvBDjkkD+8znbRsJwqhHGpJKRtoBJ8i1GWnZo/OZ37ohXFDfu5bjgFguGnjUoRhJJV1dnOq9bE7P6zHgX2LMSe7sdVr/uN2f1nrZt27fx6FLPIkZEqJj6IG0IsQlxYxMMt1QkADhERqQjqIecomwovjUCTxUSh86PlflSRir3yci5Aoxdm3V6SI5FL+9mfif1wmlY1oR9YJQEg8ni5yQQenD2d+wTznBko0VQZhTdSvEQ8QRliqdTBxCpWwWjbL6vWKelBKiUCh8hdA8zhulfLGu56omSJAGe+AAHAEDlEEVXIIaaAAMBuAOPIBHjWn32pP2nLSmtPnMLvgB7eUTf2OSAA==</latexit>

E = 0
<latexit sha1_base64="x/eZRb2mmSrzOnUg9UZCRAc2niQ=">AAAB83icbVC7TgJBFJ3FF+ILtTQxE4nRiuwKwlIYSWzshEQegSVkdhhgwszuZmbWhBBKf8HGQmNs7an8CDu/wZ9wYInxdZKbnJxzb+69xw0Ylco0343YwuLS8kp8NbG2vrG5ldzeqUo/FJhUsM98UXeRJIx6pKKoYqQeCIK4y0jNHVxM/doNEZL63rUaBqTFUc+jXYqR0pLTODqjzhUnPQQb7WTKTJszwL/EmpPU+euk/HG7Pym1k29Ox8chJ57CDEnZtMxAtUZIKIoZGSecUJIA4QHqkaamHuJEtkazm8fwUCsd2PWFLk/Bmfp9YoS4lEPu6k6OVF/+9qbif14zVF27NaJeECri4WhRN2RQ+XAaAOxQQbBiQ00QFlTfCnEfCYSVjikxC6GQt7NWXv9esE9zEdHIZL5CqJ6krVw6WzZTRRtEiIM9cACOgQXyoAguQQlUAAYBuAMP4NEIjXvjyXiOWmPGfGYX/IDx8gm7MZWO</latexit>

Z 0 = i⌦Z

If Z is invertible:

If Z is not invertible, write:
<latexit sha1_base64="VrilMRHOlEr3g805mvvMa8j3ekg=">AAAB8HicbVDLSsNAFJ3UV62vapduBkvBVUm0tulCKLhxWcG01TaUyXTSDp08mJkIJXTnH7hxoYhbP8QPcKcf4Bf4AU6TIr4OXDiccy/33uOEjAqp669aZmFxaXklu5pbW9/Y3Mpv77REEHFMLBywgHccJAijPrEklYx0Qk6Q5zDSdsYnM799RbiggX8uJyGxPTT0qUsxkkq6uDyGPT4KoNXPF/WyngD+JcacFBuF0vXH8/tbs59/6Q0CHHnEl5ghIbqGHko7RlxSzMg014sECREeoyHpKuojjwg7Tg6ewpJSBtANuCpfwkT9PhEjT4iJ56hOD8mR+O3NxP+8biRd046pH0aS+Dhd5EYMygDOvocDygmWbKIIwpyqWyEeIY6wVBnlkhDqNbNi1NTvdfOomhKFw8OvEFoHZaNarpypNEyQIgt2wR7YBwaogQY4BU1gAQw8cAPuwL3GtVvtQXtMWzPafKYAfkB7+gTRsJSF</latexit>

Z = ⇢U U is unitary

𝜌(t) is set by initial conditions:
<latexit sha1_base64="UaXh05z2LQ+evOqm8IBPcPGSZuA="></latexit>

⇢(t) =
1

2
⌦�1

i

<latexit sha1_base64="f2ewq6UXfrjWr5m5V3UfRJ9NaJM="></latexit>

⌦0⇢ = 0, ⇢ = constant matrixTherefore, “always unexciting”



Always Unexciting
In certain cases Z may not exist and the background may be unexciting for all times.

<latexit sha1_base64="VrilMRHOlEr3g805mvvMa8j3ekg=">AAAB8HicbVDLSsNAFJ3UV62vapduBkvBVUm0tulCKLhxWcG01TaUyXTSDp08mJkIJXTnH7hxoYhbP8QPcKcf4Bf4AU6TIr4OXDiccy/33uOEjAqp669aZmFxaXklu5pbW9/Y3Mpv77REEHFMLBywgHccJAijPrEklYx0Qk6Q5zDSdsYnM799RbiggX8uJyGxPTT0qUsxkkq6uDyGPT4KoNXPF/WyngD+JcacFBuF0vXH8/tbs59/6Q0CHHnEl5ghIbqGHko7RlxSzMg014sECREeoyHpKuojjwg7Tg6ewpJSBtANuCpfwkT9PhEjT4iJ56hOD8mR+O3NxP+8biRd046pH0aS+Dhd5EYMygDOvocDygmWbKIIwpyqWyEeIY6wVBnlkhDqNbNi1NTvdfOomhKFw8OvEFoHZaNarpypNEyQIgt2wR7YBwaogQY4BU1gAQw8cAPuwL3GtVvtQXtMWzPafKYAfkB7+gTRsJSF</latexit>

Z = ⇢U U is unitaryWrite:

If a background is unexciting for all times, time derivatives of 𝜌(t) have to vanish

and 𝜌 is constant.

which does not exist if the background has a zero mode.

Example: Quantum excitations in the background of a boosted soliton (also pp-waves)

have a zero mode because of translational invariance. 


Boosted solitons do not produce particles and are “always unexciting”.

Lesson:  An “always unexciting” background should have symmetries that

lead to zero modes of the quantum excitations.

Therefore,
<latexit sha1_base64="rQXMAkuGHXoP+C9aY6o+/esdfA0="></latexit>

⇢2 =
1

2
⌦�1

i



Always-unexciting E in 
QED1+1

Unexciting classical backgrounds

Tanmay Vachaspati
Physics Department, Arizona State University, Tempe, AZ 85287, USA.

Quantum fields in time-dependent backgrounds generally lead to particle production. Here we

consider “unexciting” backgrounds for which the net particle production vanishes. We start by

considering the simple harmonic oscillator and explicitly construct all unexciting time-dependent

frequencies. This allows us to construct homogeneous backgrounds in field theory for which there

is no particle production in any given mode, though we are able to show that there are no homo-

geneous backgrounds for which the particle production vanishes in every mode. We then construct

general inhomogeneous unexciting field theory backgrounds. The set of all unexciting field theory

backgrounds will be further restricted by the choice of physical interactions and this leads to an

interesting open problem.

There has been considerable e↵ort to study quan-
tum radiation in time-dependent classical backgrounds
(e.g. [1]). Landmark examples include Schwinger particle
production [2] and Hawking radiation [3]. In the latter,
the time dependence of the metric during gravitational
collapse produces particles, while Schwinger particle pro-
duction can be thought of as due to the time dependence
of the electromagnetic vector gauge potential.

The present work is motivated by the Schwinger pro-
cess for non-Abelian gauge fields recently discussed in
Ref. [4] where a homogeneous non-Abelian electric field
of a certain “color” produces (massless) gauge radiation
of other colors. This process appears to be quite general,
so one might expect a similar process to occur even if
the background electric field is not uniform, for example
if the color electric field is confined into flux tubes, as is
widely believed to occur in QCD. However, QCD elec-
tric flux tubes should not produce quantum excitations
if they are to be stable and confining. This motivates
the general question – can we find non-trivial space- and
time-dependent backgrounds in which particle produc-
tion does not occur?

An example of an unexciting electric field configura-
tion is already known in massless QED in 1+1 dimen-
sions [5, 6]. One considers a capacitor consisting of ex-
ternal charges +Q and �Q separated by a distance L.
The system can be solved completely since bosonization
yields a scalar plus gauge field theory with only bi-linear
couplings. The unexciting electric field background takes
the form [5],

F01 = Q(⇥(x + L/2) � ⇥(x � L/2))

+g(f(x + L/2) � f(x � L/2)) (1)

where g is the coupling constant in the model, and

f(x) = � Q

2g
sgn(x)

Ä
1 � e�g|x|

ä
. (2)

A sketch of the unexciting electric field is shown as the
dashed curve in Fig. 1. Note, though, that the unexcit-
ing background is not purely an electric field as it also
consists of a condensate of fermion bound states. These
bound states are described after bosonization by a scalar

!L!2 "L!2
x

Electric Field

FIG. 1: As in Ref. [5], two infinitely heavy charges, +Q and

�Q are placed at x = �L/2 and x = +L/2 respectively. The

classical electric field is given by the thick dark line. With

pair production, the electric field evolves into the unexciting

configuration illustrated by the dashed curve.

field, �, that acquires a non-trivial profile,

�(x) = f(x + L/2) � f(x � L/2). (3)

Unexciting backgrounds may have practical utility as
well. We can imagine situations where a quantum sys-
tem is in its ground state in a certain background (e.g.
a magnetic field), and we would like to change the back-
ground to a final configuration while the quantum system
is finally in its ground state. The background would then
have to be an unexciting background.

The simple harmonic oscillator (SHO) with time-
dependent frequency is the simplest system where this
question can be analyzed (see also Ref. [7]). Are there
time-dependent frequencies for which the SHO does not
get excited? In this case we are able to find a complete
solution in Sec. I. To our surprise, we find a very wide
class of time-dependent frequencies, not necessarily adi-
abatic, for which particle production does not occur.

The next step is to generalize the SHO result to quan-
tum field theory in a classical background. We first
consider homogeneous but time-dependent backgrounds.
The homogeneity of the background simplifies matters
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The gauge potential, Ax, is a time-dependent 

background for the fermions.

The electric field is a time-independent 

background for the bosons.

<latexit sha1_base64="r9Diof1Gb/icCH+TNrh/bI39hi0="></latexit>

L0 =
1

2
(@µ�)

2 +
g

2
� ✏µ⌫Fµ⌫ � 1

4
Fµ⌫F

µ⌫

<latexit sha1_base64="sRLcndskSi0IcSMapCjo7b3s3gU="></latexit>

L =  ̄�µ(i@µ + eAµ) � 1

4
Fµ⌫F

µ⌫

CQC only applies to bosons.



Conclusions
• Unexciting classical backgrounds are protected from quantum decay.


• Huge space of unexciting backgrounds for the simple harmonic 
oscillator.


• Homogeneous field backgrounds can be unexciting for some quantum 
field modes but not for all modes.


• We are able to construct unexciting inhomogeneous backgrounds but 
whether these can be “physical” depends on the system of interest and 
remains an open question.


• “Always unexciting” backgrounds require symmetries of the background 
and existence of corresponding zero modes of the quantum excitations.





