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ABSTRACT

We know quantum field theory is unitary. However, since the early 1980s, there have
been numerous attempts to construct quantum field theories where time evolution
is non-unitary. Some of these endeavors aimed to address the issue of black hole
information loss, as non-unitary evolution does not necessarily require information
preservation. Some wanted to use it as a modification of quantum mechanics to
allow objective collapse. Some wanted to construct classical-quantum gravity which

could serve as an alternative to quantum gravity.

I'embarked on a similar path, attempting to construct a Lorentz covariant non-unitary
quantum field theory. At a certain point, I believed we were making significant
progress. However, I gradually realized that our construction faced serious problems.
We took a lot of assumptions and results from unitary quantum field theory for
granted, and used them without justification. After struggling with it for a long
time, I decide to make a complete reversal and prove that non-unitary quantum field

theories fundamentally conflict with Lorentz covariance.

There are three approaches to constructing a Lorentz covariant non-unitary QFT.
The first approach involves constructing a theory based on unitary quantum field
theory, where a system is coupled to an environment. If we only consider the system
and trace out the environment, the resulting equation of motion appears non-unitary.
In this case, unitarity emerges as an emergent property. The second approach is to
propose a theory from scratch where the time evolution is fundamentally non-unitary,
described by the Lindblad master equation. Both in the emergent and fundamentally
non-unitary theories, the dynamics are intended to be Lorentz covariant. The third
approach employs the Schwinger-Keldysh formalism to construct a path integral,
and examines the symmetry of the Keldysh action within the path integral. It is
assumed that, similar to quantum field theory, the non-unitary theory will possess

the same symmetry as the Keldysh action.

Regrettably, none of these three classes of theories prove successful. This thesis
thoroughly analyzes the issues associated with these three constructions. The most

significant problems include:

1, The fundamental assumption that the quantum fields (and their excitations) form
a unitary representation of the Lorentz group is invalid, and they cannot form a

non-unitary representation either.
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2, The system Hamiltonian in the Lindblad equation is ill-defined and does not

transform as the first component of a Lorentz four-vector.

3, Even if we overlook the aforementioned inconsistencies, the dynamics fail to
produce expected results when applied to phenomena such as particle decay, as they

exhibit a preferred reference frame.

4, The symmetry of the Keldysh action does not guarantee the corresponding sym-
metry in the dynamics. Invariant Keldysh actions can correspond to non-covariant

equations of motion.

In conclusion, the Lorentz symmetry is incompatible with non-unitary quantum
field theories.
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Chapter 1

INTRODUCTION

1.1 Background and motivations

In 1974, Stephen Hawking made the groundbreaking discovery of Hawking radiation
(Hawking, 1974). In his efforts to address the resulting black hole information para-
dox, Hawking later proposed an intriguing possibility: the evolution of a pure state
into a mixed state (Hawking, 1982). This idea has sparked numerous discussions

among researchers.

The most famous contribution came from Banks, Peskin, and Susskind (BPS)
(Banks, Peskin, and Susskind, 1984), who highlighted the conflict between local-
ity and energy-momentum conservation in such theories. Srednicki (M. Srednicki,
1993) briefly examined the constraints imposed by Lorentz covariance and claimed
that the BPS toy model satisfied Lorentz covariance (although this was later proven
incorrect). Unfortunately his conditions for Lorentz covariance are not accurate (as

discussed in Chapter 5).

In 2007, John Preskill and David Poulin initiated a project (Poulin, 2017) aimed at
constructing a theory that evades the constraints highlighted by BPS while maintain-
ing Lorentz symmetry. The objective was to develop a theory where the fundamental
time evolution is non-unitary but potentially suppressed at low energy scales, thereby

ensuring the predictions of the theory remains consistent with our daily experiences.

Furthermore, a Lorentz covariant non-unitary theory has the potential to provide a
mathematical foundation for objective collapse theories, which have long struggled
to reconcile with Lorentz covariance. Additionally, such a theory is necessary
in the context of post-quantum classical gravity, where gravity is assumed to be
fundamentally classical and the dynamics of quantum systems coupled to gravity
become non-unitary. Jonathan Oppenheim et al. (Oppenheim and Weller-Davies,
2022) are actively engaged in constructing such a theory, envisioning it as an

alternative to the full quantum gravity.

The non-unitarity of quantum field theory can also arise when a system is coupled
to the environment, and we trace out the environment and only look at the system.

This scenario corresponds to the infinite-dimensional extension of open quantum
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systems in the field of quantum information science, where non-unitarity emerges
naturally. Alicki et al. (Alicki, Fannes, and Verbeure, 1986) laid the mathematical
groundwork for such theories and applied them to describe particle decay.

The dynamics of all the aforementioned theories are described by the Lindblad
master equation (Lindblad, 1976). They were constructed such that the Lorentz

transformation on the Lindblad equations are Lorentz covariant.

Another class of theories, based on Lindblad equations, incorporates Lorentz sym-
metry through the analysis of the Keldysh action. John Preskill initially proposed
the use of the Schwinger-Keldysh path integral formalism to construct fundamen-
tally non-unitary quantum field theories (Preskill, 2007). Building upon his leaked
notes, Avinash et al. developed the renormalization of certain "super-Lagrangian"
models within the framework of open system quantum field theory (Avinash, Jana,
Loganayagam, et al., 2017; Avinash, Jana, and Rudra, 2019). Jonathan Oppenheim
etal. are also working towards constructing a classical-quantum gravity theory using
this formalism, aiming to provide an alternative to full quantum gravity (Oppenheim
and Weller-Davies, 2023).

1.2 To work or not to work, that is the question
When I started in the summer of 2016, I was also trying to construct a non-unitary
quantum field theory that is Lorentz covariant. But what I am showing in this thesis

is the opposite, that such theories cannot work.

I started with building a more solid conceptual and mathematical foundation by
going back to the asymptotic past Hilbert space, and tried to add interaction to the
original Preskill-Poulin model. At some point, I thought we were close to our goals.
However, over the years, I noticed something was not right. First I noticed that, in
order to keep Lorentz covariance, spatial translation also needs to be non-unitary.
This is contrary to what other researchers believe. Then I discovered that our
fundamental assumption that the field forms a unitary representation of the Lorentz
group, or more precisely, U(A)a(p)U(A)" = a(Ap), which all previous researchers

assumed, is not consistent with non-unitary time evolution.

I realized that what we have been doing might be wrong from the beginning. I
felt very frustrated and did not know what to do. One option was to just make
some hand-waving arguments to explain these uncomfortable facts, try to apply the
theory to do some computations that can potentially be verified by experiments, and

claim we were successful. The other was to turn 180 degrees around, and to prove
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that Lorentz covariant quantum field theories cannot be constructed. Obviously, if
we successfully constructed such a theory, it would be much more exciting than to
prove it cannot be constructed. After struggling about it for some time, I decided to
be completely honest. If I can clearly and decisively prove that non-unitarity QFT
is fundamentally inconsistent with the Lorentz symmetry, it would help clarify a
lot of misunderstandings among the community, and give a conclusive answer to
this forty-year-old problem. Even if the result is not as exciting as the other way
around, this would still be real contribution to our understanding of foundational
questions in physics. My original motivation when I chose to study physics, was
exactly to better understand the foundational questions in physics, NOT to get some

great results and become a famous physicist.

After working in the opposite direction for about one year, I discovered more and
more evidence supporting my decision. We have taken too many things from unitary
QFT for granted, without carefully checking whether those assumptions and results
are still valid in non-unitary settings. And in most cases, they are not. I organized

these results in the following way.

In order to construct a non-unitary QFT that is Lorentz covariant, there are three ap-
proaches. The first is to start from the framework of unitary QFT. The mathematical
and conceptual constructions are the same. The system field we are interested in is
considered as a part of the global system, which is fundamentally unitary. However,
since we only have access to the system field, and have no access to the environment
it couples to, the reduced dynamics of the system field will look non-unitary. This
is a direct extension of the theory of open quantum systems in quantum information
science, with the additional constraint that it has to be Lorentz covariant. In this
framework, the non-unitarity is due to our lack of knowledge of the environment.

In another word, it is emergent.

The second approach is to start from scratch, to construct a theory that is funda-
mentally non-unitary. The dynamics would be the same as the first approach, but
the conceptual and the mathematical framework would be different. Ideally, there
should be a parameter vy that controls the non-unitarity. In the limit y goes to zero,
the theory will approach unitary QFT. In my opinion, this approach is closer to
what Preskill and Oppenheim wanted, a fundamentally non-unitary theory that can
potentially serve as the solution to the black information paradox, or an alternative

to the full quantum gravity.

In the above two approaches, the Lorentz symmetry is seen at the level of the
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dynamics. The equation of motion—the Lindblad equation—is Lorentz covariant. In
the third approach, it is slightly different. As Preskill suggested, we look at the
Keldysh action. In the path integral formulation of the normal quantum field theory,
the invariance of the action always corresponds to the covariance of the equation of
motion. It was believed that a similar relationship holds in non-unitary quantum field
theory, that a Lorentz invariant Keldysh action corresponds to a Lorentz covariant
dynamics. Therefore, we can focus on constructing a Lorentz invariant Keldysh
action, that can be solved, and at the same time, preserves the vacuum state as a

stable point.

Unfortunately, as I discovered, none of the above three approaches work. The major

inconsistencies are:

1. the inconsistencies with the representation of the sLorentz group, both unitary

and non-unitary.
2. the problem with non-unitary spatial translation.

3. the invalid assumption that the system Hamiltonian transforms as the first com-

ponent of a Lorentz four-vector.

4. even if we disregard the above difficulties, these theories would not work as

expected, since there will be a preferred time frame.

5. the invalid assumption that an invariant Keldysh action corresponds to covariant

dynamics.

Because of these issues, we can draw the conclusion that Lorentz covariant non-

unitary quantum field theories cannot be constructed.

1.3 The organization of this thesis

This thesis is organized as follows:

In the second chapter, I discussed the problem with the fundamentally non-unitary
construction. I mainly focused on the conflict between the Lorentz symmetry and the
representation of the Lorentz group. It turns out that the quantum field cannot form
a representation of the Lorentz group, either unitary or non-unitary. I also discussed
the issue with non-unitary spatial translation, and the case with non-Markovian

dynamics.

In the third chapter, I discussed the problem with the emergent non-unitary theories.

I started with the problem of the representation of the Lorentz group, which is
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slightly different from the unitary case in the second chapter. I also discussed
the assumption that the system Hamiltonian transforms as the first component of a
Lorentz four-vector. Finally, I discussed the problem with the preferred time frame,
which is also shared with the fundamentally non-unitary construction, since the

dynamics of these two are the same.

In the fourth chapter, I discussed the construction based on the Schwinger-Keldysh
formalism. It has been believed that a symmetric Keldysh action will lead to a
symmetric dynamics, just like the case of the path integral in quantum field theory.
However, this is not the case for Lindblad dynamics. The equation of motion,
the Lindblad equation, is completely different from the Euler-Lagrange equation
obtained from extremizing the Keldysh action, so they will not share its symmetry.
I further showed that in the case of the Lorentz symmetry, invariant Keldysh actions

actually comes from non-covariant equations of motion.

In the fifth chapter, I discussed the Lorentz transformation properties of operators
and quantum channels that are defined as an integration on a time slice. It is
widely believed that in quantum field theory, the momentum operator P”, defined
as an integration of stress tensor on a time slice P := f dx3T% (x), transforms as a
Lorentz vector. Some prominent physicists believe that a Lindblad quantum channel
acting on an operator defined as an integration on a time slice could transform as
the time derivative of that operator. These two views are incorrect. Operators
and quantum channels defined as integrations on a time slice in general transform
covariantly under the Lorentz transformation only if two conditions are met: 1, the
integrand should contain an operator which is the time-like component of a Lorentz

four-vector; 2, some conservation conditions are met.

Chapter six is a by-product of this thesis research, in which I analyzed the physical
meaning of the momentum eigenstates. We were trying to construct an operational
experiment in which we can measure some quantities to test if the theory is Lorentz
covariant. And we were using momentum eigenstates and wavepackets. However,
after careful analysis, I found out that, contrary to popular belief, momentum eigen-
states cannot be interpreted as plane-waves. In fact, the physical plane-waves should

be coherent states, and as a result, wavepackets are superpositions of coherent states.

Chapter seven summarizes the thesis with concluding remarks.



Chapter 2

NON-UNITARY LORENTZ COVARIANT THEORY CANNOT
BE CONSTRUCTED

In this chapter, we analyze the theories where time evolution is fundamentally non-
unitary. We will analyze the theories where the non-unitarity is emergent (i.e.,
open system quantum field theories) in the next chapter. These two classes of
theories share similar dynamics, but are constructed on different conceptual and
mathematical foundations. This chapter mainly focuses on the issues with the
construction, especially the issues of the representation of the Lorentz group. We

will leave the issues of self-Hamiltonian and dynamics to the next chapter.

As introduced in the first chapter, the closest to success in this genre is the Preskill-
Poulin Theory. I have spent years trying to make it well-defined, and to extend it to
interacting field theory. In this chapter, I first introduce the basic constructions, and
the issue with non-unitary spatial translations. Then we focus on the fundamental
assumption that the field in the theory forms a unitary representation of the Lorentz
group, which is inconsistent with the non-unitary time evolution. I also analyze the
possibility of the non-unitary representation of the Lorentz group, as suggested by
Oppenheim (Oppenheim and Weller-Davies, 2022) and Diosi (Diosi, 2022).

2.1 Basic constructions

We first introduce the framework of the Preskill-Poulin theory, which is the closest
to success in that genre. This construction starts from the level of space-time
foliation and Hilbert spaces. The time evolution is fundamentally non-unitary, but
can approach unitarity when the parameter vy controlling non-unitarity is taken to

zero, and the theory converges to normal unitary quantum field theory.

The fundamental time evolution is non-unitary, as described by the Lindblad equa-

tion
: —~ 1
Oip = —i[H, p] +7/ dpwp (vt(p)/oa(p)T - E{a*(p)a(p),p} 2.1
where El}; = (273% is the Lorentz invariant integration measure. The term in the
p

integrand is the non-unitary dressing to the normal unitary time evolution, which

corresponds to environmentally induced decoherence in open system quantum field
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theories. The operator a(p) in the integrand is called the jump operator. In the
original Preskill-Poulin theory, since they want the vacuum to be a stable point,
they only used annihilation jump operators, but in principle there can be more

complicated operators as well.

To see the Lorentz covariance property, it is better to transform it into the Heisenberg
picture. (Part of the reason is that U(A)"p(t)U(A) is not well defined. We address

this issue later.)

It is assumed that the quantum field in this theory forms a unitary representation of
the Lorentz group. The Lorentz transformations are generated by unitary generators
U(A)

U(Na(p)U(A)' = a(Ap) (2.2)

We can rewrite the Lindblad equation in the Heisenberg picture and further gener-

alize it to include other jump operators Q,(p)
°A =i[P°, A]

— 1
+ ) Yab / dpp" (Ql(ﬁ)AQb(m+5{Q2(ﬁ>Qb(ﬁ>,A} SN )
a,b

where U(A)Qq(p)U(A)" = 0.(Ap)

It is not hard to show that U(A) acting on Eqn (2.3) by conjugation will yield a

Lorentz covariant form by using the invariance of the measure dp.

(In Ref.(M. Srednicki, 1993), the author claimed that one general Lorentz-covariant

framework is

8% = ~i[P".p] — g / 45 [o(3). [¢(). p11.

Here X specifies a point on the spacelike hypersurface ¥ whose unit normal defines
the time direction, and dX* = %z—:“ijkdx,-dx jdx;. However, this turns out to be

incorrect, as discussed in detail in Chapter 5.)

It can also be shown that the time evolution of the operators commutes with the

Lorentz transformation

exp[Las [U(A) AU(A)]] = U(A) T exp[ L, [A]IU(A) (2.4)
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where £, [ A] generates the time evolution along a time-like vector b. These are ba-
sically the same properties with the non-fundamental quantum open system version,
as described in (Alicki, Fannes, and Verbeure, 1986).

It should be noted that, in his seminar at KITP (Poulin, 2017), Poulin claimed that
although time evolution is non-unitary, spatial translations are still generated by the
momentum operator P. Poulin did not give detailed constructions or derivations to
show why this is the case, nor did he explained whether it conflicts with Lorentz
covariance. We found out that this could not be the case. With a non-unitary time
evolution, Lorentz covariance would require non-unitary spatial translation, as we
show as follows. We construct the framework of non-unitary quantum field theory
from the most basic level. This is applicable to the Preskill-Poulin theory, and can

also reduce to unitary QFT when the coupling y goes to 0 in Eqn (2.1).

We choose a foliation of space-time labeled by a reference system (x, ). At each
time slice ¢, we associate a Hilbert space #°(¢). For now let us focus on the free
theory, which furnishes a Fock space structure. There is a natural isomorphism
between the Hilbert spaces defined on ¢ and 7+ 7. If we use the Fock space structure,
|p) € Z (t) is identified with |p) € Z (¢ + T) (up to a global phase). This natural
isomorphism is not the same as the time evolution map as in the unitary QFT, since
time evolution is not unitary here. (Strictly speaking, |p) is outside of the physical
Hilbert since it cannot be normalized, but in this paper, we would not go to that level
of mathematical rigor.) Def: An operator O that acts on the Hilbert space 7 (¢)
maps a vector |¢) € F (t) to another vector |) = O|¢) € ' (t). We notate it as
0", (There are also operators that map an operator from the Hilbert space on one

time slice to another, which we will see later.)

Some operators may have a spatial dependence O")(X). To be more precise, this
notation means there is a family of operators O)(X) parameterized by spatial
location X on the time slice. Here I deliberately make ¢ and x on different footings,

since their meanings are different. I am tempted to call them field operators.

We can define a super-operator that maps one O ) (¥) to another operator at the same

time slice but a different spatial location. We call it a displacement super-operator.
Def: D,[07(X)] := 0 (% +a)

At this stage this definition of displacement is abstract, purely dependent on the
relationship between operators. We want such super-operators to satisfy the additive
property: Dy[Dy[0V(@)]] = 0V (¥ +d+D) = Daus [0V ()],
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Aside from this, we have not imposed any other restrictions on the relationship be-
tween operators on the same time slice but at different locations, so this relationship
can be arbitrary. Later we will see that Lorentz covariance is one restriction, based

on which we derive the form of the displacement operator.

Operators like a”) (p) have no spatial label, but a momentum label. Such labels tell

us how they map one vector in the Fock space to another one.

The time translation/evolution super-operator &, maps an operator that acts on # ()

to an operator acting on 7 (f + 7).

Def: E.[0V] : |¢) € Z(t+71) — |¢) € F(t+7). Here 7 is purely in the temporal

direction.
(All labels are implicitly assumed to be real numbers, unless declared otherwise.)

We can now notate O¥) acting on Hilbert space (1) as O(r). And for field

operators, we can write it as O (z,X). Hence &;[0(,X)] := O(t + 7,X).

Let us think about the relationship between time and spatial translation. We want it
to commute, which means if we first translate O (¢, X) to O(t,X +d), and then evolve
it for time duration 7 and get O(¢ + 7,X + d), we should get the same result if we

first time translate and then spatially translate:

Er[DalO(1, 0)]] =0t +7,X+a) = Da[E-[[O(1,X)]] (2.5)

Here we drop the superscript of the spatial translation super-operator since it is clear

which Hilbert space it acts on.

Now let us look at how the Lorentz transformations act on operators. The text-
book definition is, if we want to change our coordinate from x to x’ = A x, the

corresponding (scalar) operator should change according to
U(N)™'¢()U(A) = ¢(A™'x) (2.6)

To simplify notation, in the following I will replace A~! with A, so the new frame
is X’ = Ax, and the corresponding transformation is U(A)¢(x)U(A)~! = ¢(Ax).
In our case, we also assume the Lorentz group is represented unitarily. The super-
operator U (A) maps an operator defined in one time slice ¢ to an operator defined

in another time slice in the boosted frame ¢’ with a different foliation.

UA) : 0V - 0" =yN)oVUT(A)
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— eiw,,VM“VO(l)e—iwwM’“’ ]

This satisfies the composition rule U(A)U(A’) = U(AA’). For infinitesimal trans-
formations, we can write

UAN) =1+iw, M"
where M*” are the generators of the Lorentz transformations. From the composition

rules we can get the Lie algebra satisfied by these generators.
From above we can see that U’ (A) maps a vector from % (t') to (1) .

Now let us think about what Lorentz invariance/covariance mean. After we do a
active boost x’ = A~'x, we want a (family of) scalar operators to transform in the

following way
UN)O(t,)U(A)™" = O(Ax) = O(ASt + A, Al + AlxT)

This means that under a the Lorentz transformation, an operator O(t, X) acting on
Hilbert space # () associated with location X, will be transformed into an operator
acting on Hilbert space # (t’) associated with the time slice in the transformed
frame t’ = Agt + A?xi , with the location x’ = Aét + A{ x'. Note that two operators at
the same time slice but different locations will be transformed into Hilbert spaces of
DIFFERENT time slices in the new frame. This is because after a boost, the points
in the original time slice {(,X)|x’ € {—o0, c0}} will be in different time slices in the

new frame.

It seems it is not well defined to do a the Lorentz transformation for an operator that
does NOT have a spatial label, because we do not know after the transformation
which Hilbert space it acts on. This is actually not that surprising, since the Lorentz
transformation is fundamentally transforming space and time by mixing them. If an

operator has no spatial Label, what are we going to mix time with?

Another way to understand this is, as in the case of unitary QFT, M*” acting on
scalar field operator as x#9” — x”0*. Without x* in the argument, the derivative is
just 0. (Actually, even in unitary QFT, the derivation of how M*” acts on a scalar

operator already assumes that the scalar operator is a function of x*.)

The only exception seems to be for operators with a label of four-momentum, such

as a(p), as p is in some sense the Fourier transformed x. We will discuss this later.

We can also derive how derivatives of scalar operators transform, which we skip

here.
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2.2 Problem with non-unitary spatial translation

In the above discussion, D, is supposed to translate operators in the same Hilbert
space, i.e. in purely spatial direction. Similarly, &, is supposed to evolve the
operators from one time slice to another, i.e, in purely time direction. But when
we do a the Lorentz transformation, we will get Epp and Dpy. We have to extend
the definition for &y, since previously & is only defined in the time direction of
the chosen frame. &, is defined as follow. We choose another frame (call it the
primed frame) in which Ab is the coordinate of time direction, where b is in time
direction. In the primed frame, each time slice is associated with a Hilbert space.
And &, generates the time evolution for operators defined in those Hilbert spaces.
An operator O(t,X) in the old frame is labeled as U(A)O(t,¥)U(A)" in the new
frame. Similarly, we can define D .4, where d is in pure space direction. We say that
time and space translation super-operators are consistent or covariant with Lorentz

covariance if they satisfy the following conditions:
UNE 01, H)]UMN = Enp [UNO (1, DU (A)] 2.7

U(N)Da[O(t,)]U(A)" = DpglUN)O (2, X)U(A)'] (2.8)

We can generalize b to be a portion of a time-like curve, and d a portion of a
space-like curve. In short, & and D commute with U, which clearly must hold,

otherwise there is no way to claim the theory is Lorentz covariant.

LHS means first move b(d) in the old frame, then do the boost to the new frame.
Let’s do the calculation for Eqn 2.8 to see how LHS=RHS. In the old frame

LHS = U(A)[O(x +d)]JU(A)T
= O(A} (x” + d”))extract spatial component of Ad to form D ALY
= Dpi g [O(ALx” + A%d”))]extract temporal component of Adto form & AOgv
= Dy g [Ergr [O(AX)]
= Dpi v [Ea0 g [UNO(1,H)U(A)]
= RHS = Dpg[UN)O(1,H)U(A)']

This means

Dra = Dpigr © Epogr

Namely, the displacement super-operator in the new frame, can be decomposed as

the displacement in the old frame plus the time evolution of the old frame. Since the
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time evolution channel &, ;v is non-unitary, if D, ;v is unitary, their composition
Da must always be non-unitary. And if D, , is non-unitary, their composition
PDq must always be non-unitary, unless in the very special case when they happen to
cancel out, which cannot be the general case since A and d are completely arbitrary.

Hence, we can conclude that the displacement super-operator is also non-unitary.

To prove this I only used the definition of space and time translation, and Lorentz

transformation must commute with time translation. Nothing more.

It is thus clear that in our case of non-unitary field theory, time evolution is non-
unitary, but spatial translation should also be non-unitary. We will discuss the

physical implications about this later.

2.3 Conflict with unitary representation of the Lorentz group
Almost all previous discussions and constructions, including the Preskill-Poulin
theory as discussed above, assumed that the quantum field forms a unitary repre-

sentation of the Lorentz group (Eqn (2.2)). Or equivalently
U(N)p) = |Ap) (2.9)

In fact, this leads to contradictions both physically and mathematically.

Letus firstlook at a(Ap). Assume a(p) is an operator in the Hilbert space associated
with the time slice ¢y, a(p) € #(t9p). a(Ap) may mean two things. The first is
an operator living in the same Hilbert space, but with a different momentum label.
Namely, a(Ap) will annihilate a state in the same time-slice Hilbert space, but with
different four-momentum |Ap). In other words, we actively change the physical

state, the configuration of the time-slice 7y from |p) to |[Ap).

The second is that the operator a(Ap) is living on a time-slice in the boosted frame.
For example, it may describe the situation of the time slice of a boosted observer. This
corresponds to the passive transformation: we did not change anything physically,
but just have a different observer. However, since the Lorentz boost mixes space
and time, the time-slice in the boosted frame will contain part of the information

not only of the original time-slice #¢, but all the time-slices in the old frame.

While this is fine in unitary QFT, since in any time slice, |p) will stay the same, it is
problematic in non-unitary theories. Due to non-unitary time evolution, the states
of the time-slices after 7o will not stay |p) in general. Unless in the very special case
that |p) is the stable state of the Lindblad equation, they will in general evolve into

mixed states.
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More explicitly, the physical configuration of the time slice at time #( in lab frame is
|Ap){Ap|. According to an observer in the lab frame, at time ¢, the physical state
would be

p(tr) = e Ap)(Ap

This would be a mixed state in general. The boosted time-slice containing |Ap)
will have intersections with those future time-slices, where the state is mixed.
Say it intersects with time slice #; at position Xj. Now, two observers both do a
measurement around the neighborhood of (z;,x7). The observer in the boosted
frame will get a result corresponding to a pure state, since according to him, the
physical situation in his time slice is described by |Ap). However, for the observer
in the lab frame, he will get a result corresponding to a mixed state, since for him,
the time slice is described by the mixed state e L1700 |Ap)(Ap| that evolved from
the original pure state |[Ap)(Ap|. While according to the observer in the boosted
frame, the physical state is still the pure state |Ap)(Ap| The fact that two observers

can tell the difference between inertial frames directly violates Lorentz covariance.

This contradiction is more obvious mathematically. Inunitary QFT, U(A)a(p)U(A)" =
a(Ap) can either be treated as an assumption, or derived from other assumptions or
definitions. In non-unitary theories, we already see the assumption U(A)a(p)U(A)T =
a(Ap) contradicts with Lorentz invariance, as discussed above. This cannot be de-
rived as well, since in order to derive it, we need the equation of motion to be the
Klein-Gordon equation, well in the non-unitary cases, the equation of motion is the

Lindblad equation.

In the unitary QFT, U(A)a(p)U(A)T = a(Ap) can be derived as follow. From field
quantization of free scalar fields

d(x) = / dp (apeipx + a;e_ipx)

One can solve for
a(p)T = —i/ d3xeipx(3)o¢(x) (2.10)

In fact, Eqn 2.10 can be treated as the definition of creation operators, especially in
the cases of interacting theories. Now let us look at how the Lorentz transformation
works on both sides of Eqn 2.10.
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RHS = —i / PxUN) e 80 (x)U(A)
= / Ax[UN)eP*3°¢(x)UA)T = ip’eP*U(A) ¢ (x)U(A)T]
—-i [ dxem DA - ip o av)]

Let us mode expend LHS

LHS = a(Ap)” = i / P[50 (x) — i(Ap)Pe ™ ¢ (x)]

Now, how do we make sense of LHS=RHS?

Inspired by Sidney Coleman (Coleman, 2011), we need to rewrite the integration
f dx = f d*xnod(x - n), where n = (1,0,0,0) is a unit vector pointing in the time

direction of the original frame.

RHS = —i / d*xn,d(x - n)eP* [(A)L 0" ¢(Ax) — ip” $(Ax)]

Change integration variable y = Ax and define n’ := An, n, = (A™"))n}, = A, pn”

RHS = —i / dHy A" S(y - n)e PN (AT p(y) — ipPd(v)]
i / dy A (N8 (y - 1) (046 (3) = i(ApY ¢ ()]
— i [ oty ) 107003 - i(Ap) 9]
- i / dhxnl 5 x - n)e NP [P g(x) = i(Ap)  $(x)]
On the other hand

LHS = —i/ d4xnp(5(x n) [P P (x) — i(Ap)Pe™PFp(x)]

We can see that RHS almost equals LHS, except in RHS, n’ replaced n. This means
that RHS was defined on a different time slice n’ from LHS, and the surface now is

t" = 0. So how can these two be equal?

Let us take the differences of the two,

LHS - RHS = —i / d*x[n,6(x - n) — n,5(x - n') [ *[0”p(x) — i(Ap)° p(x)]
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Note n,6(x - n) = 9,6(x - n),

LHS — RHS = —i / d*xd,[0(x - n) — 0(x - 1) [P p(x) — i(Ap)PP(x)]

Now integrate by parts and drop the surface term

LHS — RHS = —i / d*x[0(x - n) — 0(x - n)]8, [P [P p(x) — i(Ap)P $(x)]]

. / d*x[6(x - n) = 0(x - )] [(8,e ") [3°$(x) - i(Ap)*$(x)]
+ e E[0,0°¢(x) — i(Ap)P B, (x)]]]

- / d*x[6(x - n) = 6(x - )| [ [i(Ap)p0° & (x) + m*$(x)]
+ "M 3% (x) — i(Ap)P 8 d(x)]]]

=i / d*x[6(x - n) — 0(x - n')] ™ {8%p(x) + m*p(x)}

Now we can see that the last term above will be equal to zero if the Klein-Gordon

equation is satisfied!

This is exactly the case in unitary QFT for the free scalar field, where Klein-Gordon
equation is the EOM. This is how we derive U(A)a(p)U(A)T = a(Ap).

However, in non-unitary theories, the EOM is the Lindblad equation, and in general
9?¢(x) + m*>¢(x) # 0. This means mathematically, U(A)a(p)U(A)T # a(Ap).
Since the Lorentz covariance properties in all the previous research including the
Preskill-Poulin theory, crucially rely on the unitary representation of the Lorentz

boost Eqn 2.2, they are thus not self consistent.

(One might argue that based on the above derivation, for interacting QFT, Klein-
Gordon equation is not the EOM, hence U(A)a(p)U(A)" # a(Ap) as well. How-
ever, for interacting QFT, we do not understand the structure of the Hilbert space
in the scattering region. We only understand the asymptotic Hilbert space, which
furnishes a Fock space structure as well. Hence, in the above derivation, we
should replace a(p)’ with a;,(p)’, and ¢(x) with ¢;,(x), where the operators
with subscripts live in the asymptotic Hilbert spaces. And in the asymptotic past,

0% ¢in(x) + m?¢;,(x) = 0. The same applies for the asymptotic future case.

This argument cannot be applied for non-unitary theories. This is because the free
unitary QFT corresponds to the non-unitary QFT where the Hamiltonian is free (or
quadratic). But the theory is still fundamentally non-unitary, regardless of whether
we go into the asymptotic past.)
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2.4 Inconsistencies with non-unitary representation of the Lorentz group

One potential method to resolve the above contradiction is to use non-unitary gen-
erators for the Lorentz boosts, as suggested by Diosi (Diosi, 2022) and Oppen-
heim (Oppenheim and Weller-Davies, 2022). However, after close inspections, we
found that this approach is unacceptable on conceptual, mathematical and physical

grounds, as we show as follows.

The central idea to find out the non-unitary boost generators, as suggested by
Oppenheim, is to dress the unitary generators with dissipation. Since a the Lorentz
boost can be understood as a rotation in space-time, one can construct such generators
by updating the time evolution and/or spatial translation generators with dissipative
super-operators. For example, Oppenheim suggests that, since in unitary QFT, the

generators for the Lorentz boost are
QY = / dx (X7 - A7) 2.11)

one can generalize these to non-unitary super-operators Q%[ -]

o1 =il [ &'y (1% 7). 0]

vi / ¥ DI0()]

where D[O(x)] is the non-unitary contribution. (They have different kinds of
PD[O(x)] corresponding to different physical interpretations.) Intuitively, i f dy*y'D[0(x)]
is dressing the term i[ / d3yy'T%® O(x)], which schematically corresponds to a
small movement in the time direction. (Remember H = f d*xT and H and

PD[O(x)] together generate time evolution in the Lindblad equation.)

Such theories have the following difficulties. Firstly, it is taking assumptions and
conclusions from unitary QFT without justification. We need to remember how we
derived Eqn 2.11 in Unitary QFT. It comes from variation of the Lagrangian with

respect to an infinitesimal tensor
DL =e,x'0" L = aﬂ[e,wx’lg“”l:]
From the Noether theorem, we find the conserved current
JF = 1t xtd% ¢ — €1ox' g L

= €10 (n”x’laagb —x/lg”‘r.[:) .
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Since this current must be conserved for all six independent anti-symmetric matrices
€10» the quantity inside the parentheses that is anti-symmetric in A and o must be

conserved, i.e. d,M*4 =0, where
MM = (n”xlﬁ(’(p - x/lg'“”l:) — (1o o)
=x ' (7h07¢ — g L) - (1 & o)

— x/lT,ua' _ xa'T,u/l

Correspondingly, the conserved charges that generate space-time rotations/boosts

are
0 = / B0 = / B (x/lTOO' _ xa'TO/l) ' 2.12)

By imposing canonical commutation relationship [¢(x), 1(x)] = i where I1(x) =
%, one can show that
9¢(x)

[0, ¢(x)] = ix*07 p(x) — ix" ' ¢ (x). (2.13)

We can see that in order to derive Eqn 2.12, we need to extremize the Lagrangian
and use the Noether theorem. However, for the non-unitary theory, there is no
Lagrangian description to start with. Although it may be formulated in Schwinger-
Keldysh form, and some related literature uses the terms like “Keldysh-action” or
“super-Lagrangian”, these are not equivalent to the action and Lagrangian in unitary
QFT, since extremizing them would not yield the equation of motion, and there is
no Noether theorem to give us the conserved charges that generate the symmetries.
(See Chapter 5 for a detailed analysis) Hence, there is no way to justify that directly
dressing Eqn 2.12 with dissipation would serve as the non-unitary boost generators,
since the foundations to derive O do not exist in non-unitary theories. Moreover,
since time evolution is non-unitary, energy conservation is explicitly broken, and
we will not have a conserved stress energy tensor 7/ at all, dressing / d3xx'TY
with f dx*x'D[0(x)] with the hope that it generates the non-unitary boost, makes

even less sense.

Mathematically, such a non-unitary boost acting on the Lindblad equation will hardly
be Lorentz covariant. In unitary QFT, an infinitesimal the Lorentz boost A = 1 + ¢

is generated by U(1 + 5€) = I +i€)-Q*”, and we can show that
U(M$U(N)' = ¢(Ax) (2.14)

However, this ceases to be true under the non-unitary boost Q”, even if we tem-

porarily ignore the conceptual difficulties discussed above. Assuming the Lorentz
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boost on ¢(x) is generated by Vi [¢(x)] = exp[iAg:Q%[¢(x)]], since

Q" [(x)] = ix" ' ¢ (x) — ix'dp(x) +i / dy*y' D[¢(x)]

the third term will mess things up when we try to reorganize the terms into closed
forms like ¢(Ax). This actually makes sense, since a dissipative channel will
generally introduce noise to the operator, just like it will map a pure state into a

mixed state.

And without Vy [¢(x)] = ¢(Ax), itis hard to justify that the Lorentz transformation
acting on the equation of motion, the Lindblad equation, will be in a covariant form,

like the equation with the unitary generator.

Moreover, whether Q¥ satisfies the Poincare algebra is not clear as well. Unlike
the unitary case, now the commutation relationship depends on the structure of the
non-unitary term DI[-]. Without knowing the explict DI-] there is no way to check

whether the Poincare algebra is satisfied.

Even if some special D[-] could satisfy Poincare algebra, there are no guarantees
that they generate the Lorentz boosts for all operators. This is a very serious problem

that would make this theory not viable and computation impossible.

In unitary QFT, Eqn 2.14 guarantees U(A)O[¢(x)JU(A)T = O[¢(Ax)], where
O[¢(x)] is any polynomial in ¢(x).
For example, U(A)¢(x)2U(A)" = U(A)¢p(x)U(A)TU(A)p(x)U(A)T = ¢(Ax)>.

It also gives us the crucial property of the correlation functions. This is because

(0¢(x)¢()10) = OIU(A)¢(x)U(A)TU(A)$(»)U(A)T|0) = (0]¢(Ax)p(Ay)|0)
(2.15)
Where we used the fact that the vacuum state is invariant under the Lorentz trans-

formation.

However, when dissipative channels are involved, even if Vx[¢(x)] = ¢(Ax), itdoes
not necessarily mean Vy[¢(x)?] = ¢(Ax)%. The structure of a generic dissipative

channel is .
V[0] :Z K.OK] (2.16)
This means in general V[¢(x)?] = V[¢(x)]>.

As a result, while the non-unitary boost generators V4 may generate the Lorentz

boost for field operators ¢(x), it will not generate the Lorentz boost for other
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generators O(x). This means V) do not really serve the role as the Lorentz boost

generators.

Let us see what it means for correlation functions. Because of the structure of the
non-unitary generators Eqn 2.16, in general

i J
(Olg(x)¢()10) # (0] D" Kip(x)K] > K;$(»)K![0) = 0lp(Ax)$(Ay)[0)
(2.17)

Namely, correlation functions are no longer Lorentz invariant.

Finally, the physical results of non-unitary boost generators are not acceptable. Such
non-unitary channels will inevitably boost pure states into mixed states, except in
the very special cases where the input pure state is a stable point of the channel.
For example, Q¥ will in most cases boost a single particle pure state like |p)(p|
into a mixture of multi-particle states. This is fundamentally different than that
in the unitary case, where a single particle pure state |p){p| will be boosted into
another single particle state with a different momentum |Ap){Ap|, which is what

we originally mean by boosting.

One way to interpret this phenomenon is that when we are boosted in the frame
of the observer with a constant speed, that observer will not see a pure state for
the reason discussed above. However, if we take the active view of the boost,
which simply means changing the speed/momentum of the state, obviously, a single
particle pure state should be boosted into another single particle pure state, just like
in the unitary case. This means physically, active transformations are generated
by unitary generators, while passive transformations (that change coordinates) will
be generated by non-unitary generators. This is fundamentally different from any
other physical theory, where passive and active transformations are represented in

the same way.

In fact, that a Lorentz boost will boost a pure state into a mixed state seems to
contradict the notion of Lorentz covariance directly. Since it suggests that some
observers are special (the ones corresponding to the pure state). In a Lorentz
covariant theory, observers traveling at different constant speeds are equivalent,
since they cannot tell any differences by local measurements. While in this case,

they can, as long as they can measure the purity of some localized states.



20

2.5 Non-Markovian dynamics are even worse

Finally, we would like to point out that although the above discussion is based on
Markovian time evolution, all the difficulties in either the unitary or non-unitary
Lorentz boost still exist when the dynamics is non-Markovian. In fact, moving to
non-Markovian dynamics would not save the theory, but will make the problems

cven worse.

Let us think about the corresponding quantum open system theory which has the
same dynamics. The Markovian process means the reservoir (the environment that
interacts with the system) is either infintely large, so that the change to the reservoir
due to system-reservoir interaction is negligible, or the reservoir is refreshed con-
stantly back to the initial state. And as a result, the back reaction to the system does
not depend on the memory of the reservoir. On the contrary, in a non-Markvoian pro-
cess, the memory of the reservoir does matter, and as a result the Lindblad equation
describing the evolution of the system can depend explicitly on time. Ref. (Zhang,
2018) derived the non-Markovian Lindblad equation for a finite-dimensional system

in an open quantum system setting,

do(t) 1 - -
= =As(10). pO] + )7y 10)L ()]
ij
+ D 127,(1.10) £ 75 10)IL, i [p()] (2.18)
ij
where the super-operator L, +[p(#)] is defined as the standard Lindblad operator
4;
Ly [p(0)] = aip(na) ~ alaip(t) - 5p(t)alar. 2.19)
ai.a; Jo27 2 J

and 7o notates the initial condition. The explicit time dependence of the system
Hamiltonian and effective coupling coefficient matrix will break the Lorentz covari-
ance. The non-Markovian Lindblad equation, even though generalized to infinite
dimension, and written in the Lorentz covariant Heisenberg picture form like in Eqn
(2.3), with some simplifying assumptions regarding the effective coupling coeffi-

cient matrix,
0°A =i[PY(t,10), Al +yap (2, 10) / dpp”
- o1 - -
0LFAQHP) + 3 (0L(POH7). )]

will not transform covariantly under conjugation of unitary boost generators U(A),

let alone the more complicated non-unitary boost generators.
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In conclusion, neither unitary nor non-unitary boost generators could be consistent
with non-unitary time evolution, as we have shown, from conceptual, mathematical
and physical grounds. There are other difficulties of the non-unitary QFT as well,
but we think this is the most serious problem. This seems to suggest that the
objective collapse theories of the quantum measurement problems, which have a
similar mathematical formulation and dynamics, cannot be consistent with Lorentz

covariance as well.
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Chapter 3

OPEN QUANTUM FIELD THEORY CANNOT BE LORENTZ
COVARIANT

3.1 Introduction

Consider a global system consisting of the system and the environment. The dy-
namics of the global system is unitary and Lorentz covariant, just like in the normal
quantum field theory. But if we only have access to the system and have no control of
the environment, the system is described by the theory of quantum open system. Is it

possible that the reduced dynamics, which is non-unitary, is still Lorentz covariant?

This question has been discussed since the 1980s. One side of the discussion is moti-
vated by fundamental interests. The reduced non-unitary dynamics phenomenology
has the same description as a theory in which the time evolution is fundamentally
non-unitary, as pointed out in (Banks, Peskin, and Susskind, 1984), and that fun-
damental non-unitarity could potentially serve as the solution to the Black Hole
information paradox, as suggested by Hawking in (Hawking, 1982). On the other
side, the reduced dynamics is interesting by itself, which can be applied to describe
the decay of unstable particles (Alicki, Fannes, and Verbeure, 1986) . Alicki et al. in
Ref. (Alicki, Fannes, and Verbeure, 1986) laid out the mathematical foundation of

such reduced non-unitary dynamics, which according to them is Lorentz covariant.

In Chapter 2, we pointed out that if a theory is fundamentally non-unitary, it cannot
be Lorentz covariant. One of the must serious problems is that the representation
of the Lorentz group, be it unitary or not, would not make sense in non-unitary
dynamics. There are some differences for the case here, where the dynamics of the
underlying global system is unitary, and the non-unitarity arises because we only
have access to the system. However, this emergent non-unitarity still conflicts with
the Lorentz covariance. One major issue is still the representation of the Lorentz

group, although it is different from the fundamental non-unitary theory.

Moreover, for the equation of motion to be Lorentz covariant, one crucial assumption
is that the self-Hamiltonian of the system would transform as the first component of

the four-momentum operator. We find out that this assumption is invalid.

Even if we ignore these difficulties, the non-unitary quantum open system field
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theory does not work as desired, since it does not apply to multiple particles with

different momenta.

This paper is organized as follows. In section II, we introduce the main features of
the non-unitary quantum open system field theory, and why Alicki et al. thought it
is Lorentz covariant. In section III, we discuss the conflict with the representation
of the Lorentz boost. In section IV, we discuss the unjustified assumption that the
system Hamiltonian could transform in a Lorentz covariant fashion. In section V,
we discuss the problems when applied to a multi-particle system. In section VI, we
summarize the results, and clarify the potential confusion related to experiments

with atomic clocks that confirm time dilation.

3.2 Non-unitary quantum open system field theory

We start with the Heisenberg picture. Consider a system with algebra of observables
AB(#'), all bounded operators on a Hilbert space #'; as states of the system we
consider the expectation functional defined by means of density matrices p on #'.
The irreversible time evolution from time ¢ = O up to time 7 is given by the dynamical

map I, which is linear and complete positive and trace preserving (CPTP).
I':0eRBH)—I:[0] € B(F)
Restricting to Markovian cases, I'; satisfies the following
Io=1,14T, =144,

where t1,t, € R*. It is clear that {I;|t € R*} is a representation of the semigroup

R* into a one-parameter semigroup of unity preserving CPTP maps of B(%).
Under the uniform continuity condition of the map
:t—-1y,/

there exists a generator Lindbladian L such that

Iy =exp(tL)

In relativistic settings, R* is replaced by the future cone
F ={b € R*b*> = (b,b) > 0,by > 0}

F is an additive semi-subgroup of R*.
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For a, b € %, we have the semigroup property
Lal'y = Tarp
and Poincare covariance property

U(a, NT,U(a,A)" =Tpp. (3.1

In Eqn(3.1), we directly used unitary representation U(a, A). This is different in
the fundamentally non-unitary theory, where the representation can in principle
be non-unitary, as discussed in chapter 2. This is because, for the theory here,
the non-unitarity arises due to the lack of information about the environment. The
underlying theory of the global system is still unitary, and has a unitary representation
of Poincare group U(a, A). Clearly U(a, A) works on all observables of the system
and the system plus environment. It is thus natural to use U(a, A) here. In fact,
all previous literature regarding non-unitary time evolution assumed U(a, A) by

default, no matter if the non-unitarity is fundamental or emergent.

As argued by Alicki et al., we can apply I', on bosonic fields ¢ to describe its decay
process. With a(p) the usual annihilation operators, we have U(A)a(p)U(A)" =
a(Ap). We can find that I', = exp(b*L,,), where

L0l = [ dppy (ilap)'a(p). 01+ Sap)a(p).0)) 32

—_— 3
where dp := (621,53

is the Lorentz invariant measure, and O is an operator on ¢.
We can see that the time component of Eqn (3.2) gives us the normal Lindblad

equation

al0] =ilPo.01+ % [ Gy (ta(r)'a(r). 0)) 33)

where H := Py = f chpoa(p)Ta(p) is the Hamiltonian for the system. Eqn (3.3) is
manifestly Lorentz covariant, as applying U(A) by conjugation on it just transforms
to different component in Eqn (3.2). Here it is assumed that H; can indeed be
considered as the time component of a four-vector operator P¥. This assumption is
widely used in the community, however, as we discuss in Section IV, it cannot be

justified.

We can also show that the time evolution of the operators commute with the Lorentz

transformation:

U(MTH[0]U(A)" =Trp [UA)OU(A)T].
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Alicki et al. further discussed an example of how to apply it to describe the decay

of moving particles. We will discuss this later.

3.3 Contradictions with unitary representation of the Lorentz group

In Chapter 2, we discussed the difficulties with the Lorentz representation of a
fundamentally non-unitary theory. In this case, when the non-unitarity is emergent,
the problems are slightly different, but the result is the same, namely, the non-

unitarity conflicts with the unitary representation of the Poincare group.

First of all, in the fundamentally non-unitary case, the representation of the Poincare
group may be either unitary or non-unitary, at least in theory. Here, the represen-
tation has to be unitary. This is because in the underlying unitary quantum field
theory, the representation is unitary U(A). This representation will transform both
the system and the environment field in the global theory. When we trace out the

environment, U(A) obviously still works on the system field operators.

Could it be the case that a different representation of Poincare group V(A) only
works on the system field but not the environment field? The answer is no, simply
because if that is the case, it will lead to non-localities. Consider the system field
#(x) coupled to the environment field iy (x) by the term ¢(x)y (x)%. If V(A) only
acts on ¢ (x), it will directly lead to non-locality

V(A)¢(x)y (x)*V(A) = ¢(Ax)y (x)? (3.4)

Hence, the only Poincare representation in this case, is the same one as in the global
theory, namely,
U(Na(p)U(A)" = a(Ap) (3.5)

Here a(p) is the annihilation operator for the free mode of the system field. As
we discussed in Chapter 2, Eqn (3.5) is invalid when the theory is fundamentally
non-unitary. This is because for Eqn (3.5) to hold, the Klein-Gordon equation must
be satisfied. While in that theory, it does not, since the equation of motion is the
Lindblad equation. The situation is different here, and there is a way to avoid the
contradiction as in Chapter 2. This is because, in the global theory, the fundamental
time evolution is unitary, and we can go back to the asymptotic past Hilbert space,
where the theory is asymptotically free. On the other hand, in the fundamentally
non-unitary theory, there is no asymptotic past Hilbert space where the theory is

asymptotically unitary, so that the Klein-Gordon equation is satisfied.
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Consider a system field ¢(x) coupled to the environment field i (x) through the term

Lin:. The total Hamiltonian density is

H = %((‘)2 +mY)é(x) + %((‘)2 + M)y (x) = Lint

In the asymptotic past Hilbert space, H equals the free Hamiltonian density for both
fields, | |
Lim H = 5(32 +m;,) pin(x) + 5(52 + M) in(x)

As the result, the Klein-Gordon equation is satisfied for ¢;,(x). Hence, at least in

the asymptotic past(future) Hilbert space, Eqn (3.5) is valid.

However, this does not solve the full problem, since Eqn (3.5) is valid ONLY
in the asymptotic past(future) Hilbert space. In the scattering regime, where the
interaction is turned on, it no longer works, since the Klein-Gordon equation is no
longer satisfied. More importantly, it is the scattering regime that we are mainly
interested in. Because only in this regime, can we trace out the environment and
get emergent non-unitary dynamics for the system. While in the asymptotic past
(future) Hilbert space, since the system field ¢;,(x) and the environment field v, (x)
decouple, after tracing out the environment the dynamics of the system field is still

unitary.

There is one interesting example that merits a deeper investigation. Consider the case
for linear coupling, where £L;,,, = gp(x)¥(x). Let a(p)’ and b(p)T be the creation
operators that create one excitation of ¢(x) and ¥ (x) in the mode p respectively.
Precisely speaking, when the interaction is turned on, the notion of particle no longer
makes sense since a(p)’ is time dependent and no longer creates a momentum
eigenstate |p). However, in the case where g is small enough compared to the self
Hamiltonian, we can treat £;,,; as a perturbation around the free theory, and continue
using a(p)" as if it creates a (slightly modified) system particle. This is also what
we assumed when we traced out the environment and derived the Lindblad equation.
Still, U(A)a(p)U(A)" = a(Ap) is invalid, for the reasons discussed above, but the

special structure of £;,,; might save us.

Due to L, being linear, it is possible to construct two new fields, ¢ (x) and ¢, (x), as
the linear combination of ¢ (x) and (x), such that the Lagrangian density expressed

in the new fields is free.

L= %[(&m (x)) - (01 (x)) — mid7(x) + (92 (x)) - (2 (x)) — maya(x)?]
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Let g1 =ang+any, ¢ =an¢ +any,

= [(8¢1(x)) - (391(x)) — mi$7(x) + (9$a2(x)) - (B2 (x)) — m3ya(x)°]

= (a110¢ + ai120y) - (a110¢ + a120Y) + (a210¢ + andy) - (a210¢ + andy)
—mi(ang +any)* - my(ay¢ +any)?

= (af) +a3,)(99)* + (aj, +a3,)(3Y)? ~ (mia}, + mya3,)¢® — (miay, +miaz)y’

+ (2a11a12 +2a21a22)0¢ - O + (2miariary + 2m3az azn) ¢y

Comparing terms, we get

2 ) 2 _
ap +ay =aj +ay=1

m
(mlall +m2a21) =
a2
(m1a12 +m2a22) M
ajjaiy +aziaxn =0

2 2
(2miayiay +2miazaxn) = g

Solving the above six equations for six unknown variables, we can get a;; and

m1, my, although the results are too cumbersome to be included here.

Now the new field ¢(x) and ¢,(x) are completely free, so we can mode expand

them
o1(x) = / dpe(p)e + c(p)e
$2(x) = / Jpd(p)e™ +d(p)e P

And U(A)e(p)U(A)T = c(Ap) is valid in the whole space-time.

However, this is not really what we want. What we want is a system that is (weakly)
coupled to the environment. And when we trace out the environment field, its
dynamics will be described by the Lindblad equation. The ¢ particle as created by
¢ T (p) is the combination of our system and environment particles. Since we cannot
measure the environment, we will not be able to measure ¢; as well. Besides, the
¢1 is just a normal free Klein-Gordon field, which we are not interested in. What
we are interested in is original system field, because its non-unitary dynamics could

potentially be used to describe interesting phenomena such as particle decay.

As we can see in the above examples, only in free theory, would U(A)a(p)U(A)" =
a(Ap) hold. While for our non-unitary field, it does not. As a result, our non-unitary

field cannot form a unitary representation of the Poincare group as expected.
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3.4 System Hamiltonian and Momentum operators do not form a four-momentum
In general, to make the Lindblad equation Eqn (3.3) fully covariant, a key assumption
is that the system Hamiltonian H; will transform as the first component of the Lorentz
four-momentum operator P# under the Lorentz transformation. Although this looks

plausible, as we find out, this assumption is invalid.

In quantum open system theory, we define system Hamiltonian H; as the part of the
total Hamiltonian that only includes the operator acting on the system. In the limit
of the system-environment coupling going to 0, H drives the time evolution of the
system. As the coupling turns on, the time evolution will be affected by the coupling
to the environment, and the equation of motion becomes the Lindblad equation as
a result. With such a definition of Hj, it will not form a four-momentum operator
with some “system momentum operator P.” . The first reason is, that such “system

momentum operator P.”” cannot be well-defined.

Let us remember how we define Hamiltonian and momentum operators, and why
they form a four-momentum operator in quantum field theory. There are two ways
to define them. The first one comes from Noether theorem and the stress-energy

tensor.
PH = / d>xT

PH as defined here can be proven to transform as a four-vector operator under the
Lorentz transformation in the same way as described in the above section. The key

step of the proof is by using the conservation of the stress-energy tensor d, 7" = 0.

Such a definition of the global four-momentum operator cannot be generalized to
define the “system momentum operator”. This is because the system is not a closed
system due to the interaction with the environment. There is no spatial and temporal
translation invariance for the system alone, and we cannot use the Noether theorem
to get the conserved Noether charge correspondingly. As a result, we cannot define
the system momentum operator as P := / d3sz0 H, simply because we don’t know

what this TSO # is, what it means physically, how we compute or define it, etc.

One might really want to push the limit, and define the system field operator by
manually making all terms in 7% that involve the environment field operator to be
0. This is the same as dropping all the terms in the full Lagrangian that involve
the environment field operator, and applying the Noether theorem on the remaining
terms. Yet this will not do the job, because the resulting TS“ is not conserved. And

without the conservation of T'*, we cannot prove that P! := / BxT* transforms
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as a four-vector operator, for the exact same reason as in the previous section and
Chapter 2.

Another way to define the Hamiltonian and momentum operators in QFT is to
define them as the generators of temporal and spatial translation. This method
cannot be applied to define P4 either. The time evolution is generated by the global
Hamiltonian, or the Lindbladian for the system alone by approximation. The system
Hamiltonian H; as defined above does not generate the time evolution for the system
at all. For spatial translation, it is also generated by the global momentum operator.
There are no ways to define some P. that generates the spatial translation for the

system alone, and that forms a four-momentum with H.

Some readers may point out the special case in Eqn (3.2), where if the system
Hamiltonian is defined as H; := / El};wa(p)Ta(p) , it seems one can define a

four-momentum operator
P :=/dpp“a(p)Ta(p)

where H, can be considered as the first component PY that transforms properly under

the Lorentz transformations.

There are a few caveats. Most importantly, if we define a(p)' as the opera-
tor that creates a free mode of the system field, it will not transform as desired
U(A)a(p)"U(N)T = a(Ap)T, due to the coupling with the environment, as dis-
cussed in Section II. Even if we pretend this problem does not exist, there are
still other difficulties. The first is that this only applies to the free theory, where
H, = / c?];wa (p)ra(p) = %(80(;3)2 + %(8’@5)2 + %mzcﬁz. This is because only in free

theory, can we expand the field operators ¢ (x) into modes as created by a(p)"

d(x) = / Efﬁa(p)J’e_"’”C + h.c.

This breaks down whenever we introduce any interactions. For example, if we
add a simplest ¢ interaction term, we cannot write the system Hamiltonian Hy :=
[ dpwa(p)fa(p) = §(3°¢)% + 1(3'¢)* + tm?¢? + 1¢° into a(p) and a(p)'since
the field is no longer free.

Even if someone may want to do this as an “approximation” (which is completely
unjustified), this will not serve the purpose. The additional self interaction term
will explicitly break the Lorentz covariance. This is because, the reason that the
free Hamiltonian H; := / gﬁwa (p)fa(p) = %(8045)2 + %(6‘};5)2 + %mz(ﬁz transforms
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nicely is that after the mode expansion and some computation, we end up with
f c};poa(p)dfa(p). The key here is pqo provides the desired the Lorentz label.
When adding the interacting terms, be it ¢ or ¢*, the mode expansion of them will
only be O[a(p)]or O[a(p)]*, and we will not get that po provides the desired the

Lorentz label.

When we try to Lorentz transform the Lindblad equation, the covariance breaks
down explicitly. This is because to show the Lorentz covaraince of the Lindblad
equations Eqn (3.3) and Eqn (3.2), we must either define the system Hamiltonian part
as a component of a four-momentum operator, or write it into modes that transform
properly. In the interacting theory, we can do neither, for the reason discussed above.

As a result, we would be left with

l0] =il5(0°0+3 (0043020, 01+L [ Tppo(a(p)0a(p) - ta(p) a(p).0})

If we do a Lorentz transformation, the self-Hamiltonian term would explicitly breaks
the Lorentz covariance, since it is the only term that doesn’t have a Lorentz index.
(As a side note, in normal free QFT, the momentum operator obtained through
Noether theorem is P = — / d3xT1(x)V¢(x). When an interacting term like A¢? is
added to the Lagrangian it is also added to the Hamiltonian, but P stays the same.)

3.5 Problem of preferred time frame
Even if we ignore the above difficulties in constructing this theory, it still will not
work as expected. The reason is, it can only be applied to a single point-like particle.

It cannot be applied when there are multiple particles with different momentum.

In Ref. Alicki, Fannes, and Verbeure, 1986, Alicki et al. applied this theory
to describe particle decay. Basically, they evolve the particle number operator

np = a;ap as follows:
ny(b) = & p[n,(0)] = n,(0)e P’

Here b = (z, V1) is aligned with the direction of the momentum p, and Vv = j/po,
and &*, = exp(b*L,,) is the time evolution super operator as introduced in Section

II. This object is manifestly Lorentz invariant, as it should be.

However, there is a very strong restriction, that we have to evolve operators along one
particular direction b = (¢, vt). This basically selects one preferred time direction.
Let us think about the case where b, is our lab frame time vector by, = (¢4p,0).

For a particle with non-zero momentum p, at time #;,, it will arrive at location x. If
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we evolve with the lab frame time vector, instead of the inertial time of the particle,
we end up with
ny(biap) = Ep[n,(0)] = n, (0) e YEtab

Since Et;,p 1s not Lorentz invariant, this result is manifestly frame dependent, so
that different observers will read different numbers of remaining particles. This

clearly is not acceptable. (This is the “incorrect” method in the Preskill paradox.)

Let us consider another example. Say we have some other particles with momentum
q. How do we use this theory to describe these two groups of particles together?
If we chose to evolve alone b, ,which is aligned with the direction of p, the total

particle number operator n = n;, + n,
n(b) = &, [1n(0)] = n,(0)e """ +n, (0)e 74"

= n,(0) exp[=y(pot = p*t/po)] +ny(0) exp[—y(qot = G - pt/po)]
= n,(0) exp[=ym?*/po)] +ng(0) exp[=y(qot = G - pt/po)]-

Here in the third line, we used the relativistic energy-momentum relation pg -p? =

m?2. We can see that, in the first term, we got the correct result for particles with
momentum p, but the second term does not work, since ¢ is not aligned in the

direction of p.

Now, let us look at the difference in the result for these two methods, namely evolving

with the internal time b;,,; or lab time b.

1y (bins) [y (b) = e77PP

We can see the difference is the spatial damping term. Namely, if at time #;,5, the
lab is at spatial location X = 0, and the particle is at spatial location X = b, the

difference is exactly as if there is a spatial damping factor between 0 and b.

Let us look at this from a different angle. For the field decomposition in unitary
QFT

#(x) :/d})al,e—i”x+a;ei"x,

if we want to evolve this field from x to x + b, we should use

Elo(x)] = / d}aape_ip(x+b)e_%pb +a;ei”("+b)e—%pb.

If instead, we choose to evolve the field only with our lab frame time b;,, = (#;45,0),

we have
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~ . s y . s y
S*blab [¢(X)] — / dpape l[)xe lEtlabe zEtlab +a;elpxe lEtIabe zEtlab.

These two fields differ by a factor of e #?(1=3) and ¢i72(1+3)  However, if we
somehow believe that fields at spatial location X and the spatial location X + b differ
by a factor generated by the displacing super operator D, where c is a space-like

vector, then

D*c [(]5()()] — / d"pape—ip()ﬁc)e—%pc + a;eip(xﬂ')e—%pc

We can show
E[$N)] = Dy_y, (8" b [#(0)]]

This is to say, there is an intrinsic spatial damping factor between field operators at
different spatial locations. In this way, we can avoid the problem of the preferred
time, and regain Lorentz invariance/covariance. For example, if we want to compute

the correlation
(¢(x +b)¢(x))
(here the notation ¢(x + b)is a little sloppy) , we can either evolve the left field

operator to the point that we want to make the measurement x + b by &*,[¢(x)]. Or
we evolve the field with our lab frame time &, [¢#(x)], but since the measurement

is at x + b, not x + b4, we need to displace the field operator to the desired point

*

using Db—bzah'

Let us go back to the case of particle decay. If we can agree with the following,

1) If we evolve an operator to some space-time point, operationally, we are supposed

to “measure” it at that point.

For example, when we say we want to measure the two-point correlation function
(¢(x + b)p(x)), we are supposed to measure the field strength at x and at x + b. In
QFT classes, some professors say we create a particle at x using ¢(x), and compute
the probably we can detect it at x + b, using (¢ (x + b)¢(x)). This implicitly assumed
that the particle is evolved from x to x + b. This is actually very imprecise, if not
simply wrong, since firstly, the two-point correlation function cannot be interpreted
in that way, and secondly, the two-point correlation function cannot be directly
measured in reality. What happens is we use an Unruh-DeWitt detector with a

trajectory x(7) = (¢(7),X(7)), and try to deduce

W (1) = (¢(x(7))¢(x(0)))
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by the transition probability P of the two-level system with some proper settings.

In our non-unitary case, the corresponding physical picture is, the Unruh-DeWitt
detector would start at location x(0) and end at location x(7). We should either run
the Lindblad equation along the trajectory of the Unruh-DeWitt detector and end up
at x(7), just as for the “correct” method in John’s paradox. Or we evolve with the
lab frame time, but then displace the field to the ending point of the Unruh-DeWitt

detector.

2) We are going to assume the existence of point-like particle, and ignore the

uncertainty principle for now.

Say there is a source in our lab, at spatial location 0. At time ¢t = 0, we have a
number of particles 7(0) = f d}aa;a »- We evolve this operator with the lab frame

time #,p
i(tiap,0) = E%,,,0[7(0)]

This is the number of the particles at the source at (#;,5,0). Basically, the observer

is sitting with this source in the lab, and measures the number at a later time.

However, when the particles have nonzero momentum, they are not going to stay
at the source with the observer. For particle with momentum p, after lab frame
time #;4p, it will arrive at location X. In order to compute the number of particles
at location (#4p, X), there are two ways. The first is to evolve the number operator
with the world line of these particles b = (745, X).

i(b) = &[A(0)] = e77P"(0)

This is the “correct method” in John’s paradox.

The second way is to first evolve the number operator with the lab frame time #;,p,
and then displace it to the desired location, where we have the assistant who does

the measurement.

i(b) = D*:[&5[A(0)]] = €777"(0)
Using my non-unitary displacement operator, we can see that these two methods
yield the same result.

Now, what if we want to know the total number of particles emitted from this source
at lab time #;,;,? Then

ne = / dRDE (O]
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where C is the time slice at #;,.

One may want to see how n¢ transforms under a Lorentz transformation. The result
is invariant, if one does it correctly. After the Lorentz transformation, the points
on C are no longer on the same time slice of the boosted observer. Hence, the
physical meaning of N¢ is, the observer hired an army of assistants distributed on
the time slice C (in reality only those in the light cone are needed), and after they
all did the measurement at #;,,, the observer adds them up. If for some reason the
observer is no longer sitting with the source but moving, he will see those assistants
doing measurements at different times. After they all finished, the observer adds the

numbers together. And the result will be the same.

3.6 Summary and remarks

In summary, due to the difficulties discussed above, quantum open system field
theory cannot be considered as Lorentz covariant. Some readers may wonder why,
if particle decay is a Lorentz covariant process, the theory aiming to describe it is
not Lorentz covariant? Firstly, it is not clear what we mean by saying particle decay
is a Lorentz covariant process. The global dynamics including the particle and the
environment is indeed fully Lorentz covariant, but it does not mean that after tracing
out the environment, the reduced dynamics for the system is still Lorentz covariant.
In fact, as we have shown here, the claim that the reduced dynamics is Lorentz

covariant cannot be justified.

One may further argue that there have been many experiments using atomic clocks
that verified that unstable particles travelling at higher speed have a longer lifetime
that matches relativistic predictions. While this is true, it does not mean the reduced

dynamics is the Lorentz covariant. There are two ways to understand it.

Firstly, when we say some process is Lorentz covariant, what we mean is that the
same process viewed by a different observer in a different reference frame will
appear in a covariant fashion. The Lorentz transformation is a transformation into
a different reference frame, as we discussed in the above sections. However, the
atomic clock experiments don’t involve observers in different reference frames. One
just measures the initial and final particle numbers, and compares with the results
of another process in which the atomic clock is stationary. It is not one process

observed by observers in different frames, but two different process.

Secondly, the atomic clock experiment just verifies that the special relativity is

correct. One can argue that the key fact is that the global dynamics is Lorentz
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covariant. This alone will guarantee that time dilation factor. Whether the reduced
dynamics is Lorentz covariant is irrelevant. Or even further, this just verifies that
relativity is correct. Think about the experiment of a ruler being shorter when
moving faster. This simply means that special relativity is correct, not that the
theory describing the ruler is Lorentz covariant. In fact, even if some complicated
unstable particles cannot be described by the seemingly Lorentz covariant dynamics,

they should still have a longer lifetime when moving at a faster speed.
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Chapter 4

SYMMETRIES IN KELDYSH ACTIONS DO NOT TRANSLATE
INTO CORRESPONDING DYNAMICAL SYMMETRIES

4.1 Introduction

The Schwinger-Keldysh path integral is a powerful tool in condensed matter physics,
which enables us to compute various correlation functions for non-equilibrium
systems. It has been extended to study driven-dissipative open quantum systems
(Sieberer, Buchhold, and Diehl, 2016). It has also been introduced to study more
fundamental physics. John Preskill first proposed to use Schwinger-Keldysh path
integral formalism to construct a fundamentally non-unitary quantum field theory, in
order to solve the black hole information paradox. Inspired by his notes, Avinash et
al. worked out the renormalization of some “super-Lagrantians” of the open system
quantum field theory (Avinash, Jana, Loganayagam, et al., 2017; Avinash, Jana, and
Rudra, 2019). Jonathan Oppenheim et al. are trying to build a classical-quantum
gravity based on such formalism, which they hope could serve as a alternative to the

full quantum gravity (Oppenheim and Weller-Davies, 2023).

One of the main reasons the above authors used Schwinger-Keldysh path integral
to construct a fundamentally non-unitary open quantum field theory, is that they
think that a Lorentz invariant Keldysh action would guarantee a Lorentz covariant
dynamics, just as in the path integral formulation of the quantum field theory, a
Lorentz invariant action guarantees a Lorentz covariant dynamics. And for a theory
to be as fundamental as to serve as a potential solution to the black hole information
paradox, or a potential candidate for quantum gravity, Lorentz covariance is clearly

a necessity.

However, unfortunately, this is not the case. Lorentz-invariant Keldysh actions
do not guarantee Lorentz covariant dynamics. In fact, this is not limited to the
Lorentz symmetry. Any on-shell symmetry that a Keldysh action processes will
not automatically translates into the corresponding dynamical symmetry. In this

chapter, we use the Lorentz symmetry to illustrate this point.

Indeed, the Schwinger-Keldysh formalism is very similar to the path integral. There
is a Keldysh action that corresponds to the action. Both are tools to compute various

correlation functions. However, one key is missing — the action principle. The
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way the Keldysh action is derived means that such formulation does not have the
structure of the action principle. Extremizing the Keldysh action does not yield
the desired equation of motion, which provides the full information of the physical

system (with canonical commutation relationship).

In fact, if we assume there is a Noether theorem for the Keldysh action, and try to
work out the symmetry generators from the Keldysh in the same way as the unitary
quantum field theory, we find out something very interesting. In order to make sure
that the Lindblad equation has same symmetry with the Keldysh action, we have to
change one fundamental assumption of the quantum field theory. One underlying
assumption of quantum field theory (Whiteman axiom) is that field operators form
a (unitary) representation of the Poincare group. But for the Keldysh theory, we
need to upgrade this assumption to that the super-operators form a representation of
the Lorentz group. This means that the open quantum field theory constructed from
Keldysh actions will be categorically different from quantum field theory. There
are no guarantee that it could be self-consistent (in fact, I believe it is not). Those
theories would be out of the scope of this thesis (which focus on quantum field

theory).
In this chapter, we point out the following facts and results:

1, in classical mechanics and quantum field theory, if the action is invariant up to
a boundary term (or is quasi-symmetric), the Euler-Lagrange equation, obtained by
extremizing the action, has the same symmetry, or is covariant (form-invariant). The
dynamical equation of motion, which is the same as the Euler-Lagrange equation, is
thus covariant. (However, the same covariant equation of motion may also be derived
from an action that does not have the same symmetry. This means even in classical
mechanics and quantum field theory, there is not a one to one correspondence
between an invariant action and a covariant dynamics.(Castillo and Moreno-Ruiz,
2017))

2, in the Schwinger-Keldysh path integral, the dynamical equation of motion, which
is the Lindblad equation, is NOT obtained by directly extremizing the Keldysh
action. And because of the way the Keldysh action is derived, extremizing the
Keldysh action will not yield the desired equation of motion. As the result, the
symmetry of the Keldysh action would not be automatically shared by the equation

of motion.

3, Some Lorentz-invariant Keldysh actions can be derived from non-covariant equa-
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tions of motion. This means Lorentz invariance of the Keldysh action cannot be a

criterion for the covariance of the dynamics.

4.2 Keldysh action from Lindblad equations

We first derive the Keldysh action from the Lindblad master equation. While the
Keldysh action can be derived by other methods, in this context we focus on the ones
that correspond to Lindblad equations. The Lindblad master equation is dynamical
equation of open quantum systems. Given a physical system that couples with the
environment which we have no control of, after tracing out the environment and
making the Born-Markov approximation, one can derive the standard Lindblad form

of master equation:

dp(0) = LIp(0)] = ~TH,p()] + 2(Qup(N0} - 3(Q1Cwp ) A1)

.Here H is the system Hamiltonian, Q,, are a set of jump operators, which correspond
to the effect on the system due to the interaction with the environment. The super-
operator L[] is called the Liouvillian, which generates the time evolution of the

density operator.

We can write the formal solution of Eqn (4.1)
p(t) = e£p(0)

Just as we did in the path integral of quantum field theory, we can split the time

evolution into infinitesimal time steps ot = ﬁ and write
'L = lim (1+68tL)N
N—o0
Applying this expression to the time dependent density matrix, we find

p(t) = fim a=1IN][(1+61.£)¥1(0)

where the time step 6¢(@) = ¢(@ — ¢la=D) = - The partition function is
o a
Z()) = Trlp()] = Tr([ lim a= N[ [a+st90)Vp0) @2

To derive the path integral of Z(z), we need to insert sets of basis. When the
Hamiltonian and jump operators can be expressed by creation and annihilation
operators, as is the case in condensed matter physics, the typical choice is the

coherent state basis (assuming we are working with bosonic fields).



39

b:bT
9) = %471 [0)

where b} is the creation operator of the bosonic field, and the variable (i) labels
a complete set of single particle quantum states in the relevant system. In the
continuous case, i can be replaced by p, which labels the momentum of the mode.

|¢) is the eigenstate of the annihilation operator b;|¢) = ¢;|¢).

We can normalize these coherent states to form a complete basis

1- / D[", 6116)(]

where [ D[¢",9] = [] [ “etie-si]

One difference with path integral quantum field theory is that we need to insert
complete basis to both the left and right of the density operator p. As the result,
we will have two time series, labeled with + and - respectively. Basically, at time
step a, we insert coherent basis 1,4 and 1,_ from the left and right of the density
operator p (1) respectively, and then apply the infinitesimal evolution 1+6¢(¢+D £
and repeat the process.

Z(t) =Tr ( [(1 + 61D p) (la+p(t)(a)la_)] )
= [ D16 61D16} 001 D161 60s1D1 8 ).
Tr (163e) (el [0+ 51D £)180) e 0 (D) 100 Y]] |on- Y-

At time step a, we would need to evaluate terms like |@ o+ ) (Par|H|Pa—1+){Pa-1+]..-

|¢a—1—><¢a—l— |¢a—><¢a—| and |¢a+><¢a+|QTQ|¢a—l+> <¢a—1+|~~~ |¢a—1—><¢a—1— |¢a—><¢a—|'

When the Hamilton and jump operators can be expressed as functions of creation
and annihilation operators H = H(b",b), Q = Q((b", b)), and when the jump
operators Q are normal ordered, we will have relationships like

|¢a+><¢a+|H|¢a—l+><¢a—l+| = H(¢(*1+, ¢a—1+)|¢a+><¢a+|¢a—l+><¢a—l+|

After careful computation, (detailed procedures can be seen from Ref. Michael
Buchhold, 2015), we will be able to get

) ty
Z(t) = / D[¢", ] KS = / dt[¢idops — ¢7i00h— — iL(P}, Pas b7, B-)]
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where

L(Gr 197, 62) = =i(H(93 64) = H(4Z, 6))-
VE (Q10n(93 #4) + 010 (42, 6-) ~ 20,(93. 40197, 4-)

If the Hamiltonian and jump operators are easily expressed in other operators, we
usually choose the corresponding eigenstate basis for insertion, and the derived form
of the Keldysh action will be slight different. For example, when the Hamiltonian
and jump operators are easily expressed in field operators ¢(x) and its conjugate
momentum operators (x), we insert their eigenstate basis instead. When the

Lindblad equation is of the form

p0) = [ i34 p0] + 35100 (1Q} - 5 (0} 1P

where Q; = Q;(¢(x), m(x), Vé(x)), a Keldysh action can be derived

KS = / ' dt/ dx3[77+¢5+ — ¢ —iL(PL, b, ¢, P)] (4.3)

where

L5 b4 07, 6) = =i (H(@). ¢1) = H (4. 4-)
~yi7 (0] 0(41.6.) + 0] 0;(97. ) - 20,;(83. 600} (47, 6.

4.3 Equation of motion is not the Euler-Lagrange equations from Keldysh
actions
From the above construction, we can see that the Schwinger-Keldysh path integral
is very similar to the path integral in QFT, except for one key difference: there are
two time series, one for the left field and one for the right field. Because of this
key difference, there is no action principle that by extremizing the Keldysh action
we can get the equation of motion. And the lacking of action principle means that
unlike the path integral in QFT, even if the Keldysh action looks Lorentz invariant,

the corresponding dynamics is not guaranteed Lorentz covariant.

Let us remember ourselves that, in the path integral in QFT, why the action and
equation of motion have the same symmetry. The invariant action leads to a covariant
Euler-Lagrange equation, which is obtained by extremzing the action. And if the
equation of motion is the same with the Euler-Lagrange equation, as is the case here,

it will share the same symmetry (Castillo and Moreno-Ruiz, 2017).
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This is not the case for the Keldysh action in the Schwinger-Keldysh path integral.
In the Keldysh action, the left and right field operators, which we introduce because
L acts on both the right and left of the density operator, are treated as independent
field variables. If we extremize the Keldysh action in the same way when we
extremze the action, we will end up with a set of coupled differential equations of
the left and right fields. This is completely different from the desired equation of
motion, i.e., the Lindblad equation. extremizing the Keldysh action will give us
some equations that are Lorentz covariant, but they do not contain full information
of the physical system. From them, we cannot reconstruct the Lindblad equation.
While we can derive the Lindblad equation starting from the Keldysh action, it is
not by extremzing the Keldysh action. As the result, there are no grantee that a
invariant Keldysh action gives a covariant dynamics. In fact, the way we derive the
Lindblad equation from the Keldysh action require us to choose a time frame, and

that breaks Lorentz covariance.

Let us see a simply example. Assuming the Lindblad equation is
i i
KS = [ a33(0" 00,0, ~ m6) - 50" 0-0,0- - m28) - L(6. - 0.7

We can reorganize the fields, namely, do the Keldysh rotation
1
V2

1
¢q = 6(¢+ - ¢—)

_ b+

Gc = (¢+ +¢-)

SO

bs

S

c_¢q

¢_:

)

And the Keldysh Lagrangian is

i

2106 +09,)" = m(9c +6,)°] = 7[(89c = 89,)" = m (4 = 6,)°] - A6}
=il0¢c - 99y —m*$cdy] - A4 (44)

KL =

Assume the Keldysh Lagrangian (Eqn 4.4) has an action principle, and directly
apply Euler-Lagrange equations

OKL 0KL

OOt ~ a0
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0K L
59, =9
0K L
= jOH
90,00 0 Y
OKL )
=id
e NI
so the E-L equation for ¢, is
0%, = m*e, (4.5)

Eqgn 4.5 has the standard free KG solution

bq :/&;a(p)eipx+h.c.

The E-L equation for ¢, is

5 OKL _9KL
Ho(0upy) 09

oKL

59, = im*¢. — 2¢,
oKL .,
—— = i0°¢,
oGy !

hence

i0°¢. = im*¢. — 214,
(0%-m?) ¢, = 2idg, (4.6)

Eqn (4.5 and 4.6) are clearly Lorentz covariant, since they are obtained by directly
extremzing a Lorentz invariant Keldysh action. The physical meaning of them is
interesting. If we treat ¢, as the classical average of the field in the saddle point
approximation, and set ¢, = 0 as in Section 3.2 of Alex Kamenev’s note (Kamenev,
2004), we will have the classical field satisfies the free Klein-Gordon equation like
a free theory. However, from the underlying physics, we know that this model
corresponds to the physical situation that infinite particles will be created (Banks,
Peskin, and Susskind, 1984; M. Srednicki, 1993), it is not likely that the mean field

looks like free.

Directly from Eqn (4.5 and 4.6), it does not seem we can reconstruct the original
Lindblad dynamics. Hence we can see that the Euler-Lagrange equation obtained
by extremizing the Keldysh action is different from the equation of motion. As a
result, there is no basis to believe that the symmetry of the Keldysh action is share

by the equation of motion.
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4.4 Lorentz invariant Keldysh actions from not Lorentz covariant EOMs

We can also see that some Lorentz invariant Keldysh action can be derived from
a Lindblad equation that is NOT Lorentz covariant. This should not surprise us
since the invariance of the Keldysh action is causally independent with the covariant

equation of motion.

For example, consider the following Lindblad equation

00 (1) = i3 [0 6 P+ P46, 0]y [ AP Bp(D800-3 (602 (1)

4.7)
This describes the physics of a scalar field coupled to a classical Gaussian random
source J, as first introduced by Banks, Peskin and Susskind (Banks, Peskin, and
Susskind, 1984; M. Srednicki, 1993). It can be described by a Lagrangian density
L = 1(0¢)* - 1m?>¢* — J¢ (M. Srednicki, 1993). These authors think that the
theory is the Lorentz covariant because it has an invariant Lagrangian £. This
is actually not correct. Remember J is a classical Gaussian random source, not
a quantum operator. When we do a the Lorentz transformation by conjugation of
U(A), U(A) only acts on quantum operators, not on classical functions. Hence, the

correct transformation is
UM LU = 5(@(A0)? = 3 (mp(Ax))? = J(x)9(AD)

As we can see, the Lorentz transformation generates non-locality, because ¢(Ax)
is now coupled to the source at a different location. This is clearly not Lorentz

invariant.

Interestingly, the corresponding Keldysh action K'S obtained from Eqn (4.7) by the
method in Section II is Lorentz invariant (Oppenheim and Weller-Davies, 2022).

KS = / d“x%(a“¢+aﬂ¢+—m2¢i>—ig¢i—§(6”¢_aﬂ¢_—m2¢%)+ig¢‘i—§(¢+—¢_)2

However, the equation of motion — Eqn (4.7) is not Lorentz covariant, contrary to
the belief of (Oppenheim and Weller-Davies, 2022; Banks, Peskin, and Susskind,
1984; M. Srednicki, 1993). This can be seen as follow.

Let us write Eqn (4.7) in a more covaraint Heisenberg picture form

0°0 = i1P.0(] +7 [ d8()00(x) + 5 (8% 0))
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In the unitary term, P? = %(8(]5)2 + %m2¢2 = fc?};poa(p)Ta(p), where EZY) =

3
(z;gfgw is the Lorentz invariant measure. We can see that the unitary term transforms
p
in the same way as left hand side.

LHS =U(N3°0'UA)T = (A))0% 0’

Here O will also be the Lorentz transformed. But since we don’t know exactly what

it is, we will keep the general form and write it as O’ .
ULP. 0 =1 [ Bpplatap)a(hp). O'lLetg = Ap
-1 @(r 9 a(@)a(a).0
= (A / daqa(q) a(q), 0']

Here the crucial part is because 21}3 is invariant, the term p° will provide us the

(A™h)), which is the same the Lorentz matrix that we get by transforming 4°.

However, the non-unitary terms will not transform in this way. Let us look at the
f dx3¢(x)0¢(x) first. We can convert it into momentum basis by using the mode
expansion ¢(x) = / Zl\g;a(p)Teipx +a(p)e iPx,

v [ @ s@oswuny
= UL [ a8Bpdz(a(p) e +a(p)e ™)0(a(@) e + alg)e UM
= / df@%(a(/\pﬂeim + a(Ap)e_ipx)O’(a(Aq)Teiqx + a(Aq)e—in)

: / a’dp'dq (a(p)Te™ 7 +a(p)e ™ PO (alg) e +alg)e )

We can see that there are no terms like p® which provides us (A~ 2, so this term
will nottransform in the same fashion as d°0 and i[P?, O]. We can see it more

clearly by looking at the case where the argument of O is not x.
[ 4260000 = [ a2@dg(a(py'e™ +a(pe™)0(a(a) e + alg)e ™)
= / dx’dpdqla(p) 0a(q) e P* D% + h.c.+ a(p)Oa(q) e’ TP + h.c.

= / a;[a(p)TOa(—p)T +h.c.+a(p)Oa(p)’ +h.c.
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Doing a the Lorentz transformation on the above term, we can see
U(A) / de’p(x)0¢p(x)U(A) = / dqla(q) 0’a(-q) +h.c.+a(q)0'a(q) +h.c.

This differs with the unitary term by (A~!)%, as pointed out before. The {¢(x)?, O}

term will have exactly the same problem.

As the result, even though Eqn (4.7) has a invariant Keldysh action, it does not
transform covariantly under the Lorentz transformation. Hence, there is no one to
one correspondence between the invariance of the super action and the covariance
of the dynamics. (See Chapter 5 for a more detailed discuss about the Lorentz

transformation properties.)

4.5 Symmetry, invariance and covariance

From the above sections, we can see that Lorentz invariance in Keldysh actions do
not correspond to covariant Lindblad equations. Hence, having a invariant Keldysh
action does not mean the theory is Lorentz covariant. Some readers may argue that,
maybe the true the Lorentz symmetry means the invariance of the Keldysh action,

instead of the covariance of the Lindblad equation. This is incorrect.

Physicists, especially field theorist, may be more familiar with invariance, and tend
to think the Lagrangian/action plays a more fundamental role. But this is not the
case here. What we care most, is how a physical system changes with time, namely,
the equation of motion. When the physical system has some symmetry, under
that symmetry transformation, the equation of motion will be form invariant, or
covariant. At the same time, some quantitative objects, such as a functional that
maps a field operator in to a number, could be invariant under that symmetry group.
Usually, it is not easy to see whether a equation of motion is covariant, while it
would be much easier to see whether that quantitative object is invariant. This is
why we like to use the invariance of that object (the action) as the criteria to judge

whether the physical system has such symmetry.

In classical mechanics and quantum field theory, the invariance of the action guar-
antees the covariance of the equation of motion. This is because, extremizing the
action gives us the Euler-Lagrange equation, which serves as the equation of motion
of the system. (Castillo and Moreno-Ruiz, 2017)

In the case for non-unitary Lindblad dynamics, the things are different. Our starting
point is the Lindblad equation, which is the equation of motion. The Keldysh action

is a object derived from the Lindblad equation, as we have shown. More importantly,
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extremizing the Keldysh action would not give us the equation of motion. This is
why we believe that in the non-unitary cases, when we say a physical system has
some symmetry, we really mean the equation of motion (the Lindblad equation) is
covariant. And the invariance of Keldysh action cannot serve as the criteria to judge

whether the physical system has such symmetry.

4.6 the Lorentz Transformation on density matrix

We have mentioned that if we want to the Lorentz transform the Lindblad equation,
we have to do it in the Heisenberg picture form. The main reason is, we cannot the
Lorentz transform a density operator p(z), both conceptually, mathematically and

physically.

When we do a the Lorentz transformation on a field operator,
U(M$U(N)' = ¢(Ax)

the argument of ¢(x) has four components, so we can multiply it with a the Lorentz
matrix A/,. However, a density operator p(t) is defined on a Hilbert space associated
with a time slice. It specifies the initial conditions of the time slice (or a local patch
of the time slice). Hence, it only have a time index, but no spatial index. As the
result, it makes no sense to do something like U(A)p (1)U (A)". We don’t know how
to do it at all.

One may argue that in the case of point-like particle, we would be able to do it, since
it will have a definite location. However, a point-like particle with precise location

will have infinite energy, so it is outside of the physical Hilbert space.

One may also argue that we can the Lorentz transform every point on the time slice.
This will notwork as well. If we do it, those points will be transformed into different
time slices in the new frame. So after this imaginary the Lorentz transformation, the
density matrix will describe different locations at different time slices. This makes

no sense.

Finally, as discussed in Chapter 2, doing a the Lorentz transformation on the density
matrix, which means transforming initial conditions on a time slice, we would face
the problem non-unitary boost. A the Lorentz transformation is fundamentally a
mixing of space and time. When the time evolution is non-unitary, the effect of a
the Lorentz transformation would involve non-unitary process as well, and this will

lead to many difficulties, as discussed in details in Chapter 2.
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In fact, in the non-unitary cases, when the initial density operator is given, the initial
condition on the initial time slice is set. This also select a preferred time frame.
This directly contradict with the Lorentz symmetry, which says every inertial frames
should be equivalent. And because the starting point of the Schwinger-Keldysh path
integral is the density operator, it wound not be serve a criteria for the Lorentz
covariance from this angle, even if we ignore the issue of the missing of action

principle as discussed above.

In summary, the symmetric of a open quantum system is independent of the sym-

metry of the Keldysh action, especially in the case of the Lorentz symmetry.
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Chapter 5

THE LORENTZ TRANSFORMATION PROPERTIES OF
OPERATORS AND QUANTUM CHANNELS THAT ARE
DEFINED AS AN INTEGRATION ON A TIME SLICE

5.1 Introduction

Many physicists many believe that in quantum field theory, the Momentum operator
P> transforms as a the Lorentz vector. For example, in the second section of
Quantum field theory by Mark Srednicki, one of the most used textbook of quantum

field theory nowadays,

“For example, consider the energy-momentum four-vector P”, where P° is the
Hamiltonian H and P’ are the components of the total three-momentum operator.
We expect U(A)"'PYU(A) = Ay PF.”(Mark Srednicki, 2007)

Here the momentum operator is defined as an integration of the stress tensor over a

time slice

PY = / 3T (x) (5.1)

Some physicists even believe that an object defined as integrations of operators on
a time slice could transform in the same way as the first time derivative d;. For
example , in the context of open quantum field theory, the dynamics of the system

is described by the Lindblad master equations, such as

8up(1) = —ilH. p(1)] + / @000 - 3P0 (52)

Eqn (5.2)describes the physics of a scalar field is coupled to a Gaussian random
source, as in the famous paper by Bank, Peksin and Susskind (PBS) in 1983 (Banks,
Peskin, and Susskind, 1984).

In fact, Eqn (5.2) can be treated as an extension of the Lindblad equations from
finite dimension to infinite dimension. Exponentiating it will give us a quantum

channel that maps the density matrix from time ¢ to ¢ + dt.
p(t+dt) = e"“p(t)
where

Llp(e)] =ap(0) = ~ilH.p)] +7 [ 4 @0p(00) - 3 0P p(0))
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The operators such ¢(x) is called jump operators, which describes the effect of the
system due to interaction with the environment. There can be other types of jump

operators as well.

Prominent physicists such as BPS (Banks, Peskin, and Susskind, 1984), Srednicki
(M. Srednicki, 1993), Oppenheim (Oppenheim and Weller-Davies, 2022), believe
that the PBS theory is the Lorentz covariant, and that the term y / A3 p(x)p(t)p(x)—
%{(ﬁ(x)z, p(t)}) transform in the same fashion as d;p(¢). Srednicki (M. Srednicki,
1993) further modified the integration into

() = -ilH.pO] +y [ dX@DpWIW - FWpOD  63)

where dX* = ek dx;dx jdxy carries a vector index. He argued that Eqn (5.3) can
the “weakest possible form” of Lorentz covariance which can be demanded of a
Lindblad equation. The rationale could be that H = P already carries a the Lorentz
index, by writing the integration measure as dX", it provides a vector index, so every
terms in the equation carries the same the Lorentz index, and the equation is thus

Lorentz covariant.

Unfortunately, as we find out, these are not correct. Operators and objects defined
as integrations on a time slice in general do not transform covariantly under the
Lorentz transformation. Only when two conditions are met, they can be treated as

transforming as the Lorentz scalar, vector, etc.

The first condition is that the integrand should contain an operator which is the

time-like component of a the Lorentz four-vector. One common example is P :=
f dx3T% .

The second condition is that some conservation conditions should be met. For the

P# case, the condition is that the stress energy tensor is conserved 9,T*" = 0.

We well analyze these two conditions in detail as follow.

5.2 conservation requirements

‘We consider the second condition first.

Let us try to do a the Lorentz transformation on both sides of Eqn (5.1).

LHS =UA)PUN = (AP = (A7), / A3 T (Ax)
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RHS = U(A) / 3T (x)U(A)T
SO IS A0
Why could LHS equal RHS?

Let us use the trick to rewrite the integration to

PV = / dx*s(x - n)n,T" (x)
where n = (1,0,0,0) is the unit vector pointing to the time direction.

RHS =U(A) / dx*o(x - n)n, T (x)U(A)'

= (A HEAYY / dx*s(x - n)n, T77 (Ax)

Change integration variable y = Ax and define n’ := An, so n, = (A‘l)ﬁn;)

RS = (OEA [yt ) Ao

= (A7) / dy*s(y - '), T77(y) (54)
LHS = (NPT = (A7) / dx*s(x - n)n, TP (x) (5.5)

Comparing Eqn (5.4) to Eqn (5.5), we can see the only difference is the integration
surface is changed from x¢ = 0 to yg = 0. So how can these two be equal?

Let us take the difference of these two. Note that n,6(x - n) = 9,0(x - n),
LHS — RHS = (A1) / dx*n, TP (x)[6(x - n) — 6(x - )]

= (A_l)¥/ dx4TpT(x)8p[9(x -n)—0(x-n)]
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Perform integration by part, and not that in the far future or past 8(x - n) = 6(x - n’),

so the surface term vanishes. And we are left with

LHS — RHS = (A7) / dx*d,TP" (x)[6(x - n) — O(x - )]

For this to vanish, we need to have d,T*7(x) = 0 satisfied.

The above calculation shows that, for U(A)P*U(A)" = (A™!)y P¥ to hold, we need
the conservation of the stress tensor. The reason behind this is that, when we do a the
Lorentz transformation on a operator defined as the spatial integration over a time
slice, that time slice is transform to a new one. And when we take the difference
between the original operator and the transformed operator, for that to vanish, we

need the integrand to vanish.
Another example is the creation operator a(p)’. This has been discussed in Section

2.4 1in detail.

5.3 first component requirement

Now let us take a look at how the quantum channel defined by Eqn (5.2) transforms
under the Lorentz transformation. Directly transforming Eqn (5.2) by conjugating
U(A) is controversial, because it would involve U(A)p(t)U(A)", which is not well
defined, since p(t) is defined on the whole time slice, and only carries one time like
variable ¢. However, we can look at the Heisenberg picture version of it, which acts

on operators.
0°0 =i1.0] +y [ a0 + 3 (4% 0

Let us try to see explicitly if the RHS does transform like the LHS. We can just

focus the ¢(x)O (x)¢(x) since the others have the same transformation property.
RHS = U(A) / A’ (x)0(x)p(x)U(A)' = / dx*6(n - )n’¢(Ax)0(Ax)
(define y = Ax,n’ = An)
- / dy*s(n- A7 y)np(y)0(3)$(y)
- / dy*s(An - y)n"$(»)0 (1) ()
- / dy*s(n’ - y) (A1) 06 ()0 (1) (y)

= (A, / A5 - ) ()0 ()
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On the other hand, since

LHS =U(A)3°0U(N)T = (A™)%070’
It seems that one can indeed claim that / dx3p(x)O(x)p(x) do transform as the
same way as 0°0.

However, if one write f d3¢(x)0 = f dx*6(n - x)no, the result of the calculation is

RHS = / dx*s(n - x)ngd(Ax) O (Ax)
(define y = Ax,n’ = An)
- [ as*otn ATymo()0()80)
= / dy*6(An - y)nod(y)0 (y)¢(y)
= [ astot A8 ()OI AN = (A,
-y [ sl me(m0s0)

one can claim it transforms as dpO. The computation are almost exactly the same.

And writing [ dx® = [ dx*6(n - x)ng or [ dx® = [ dx*(n - x)n® seems arbitrary,
since they at most differ by a sign depending on the convention one uses.

So, how can one term transform as both covariant and covariant vector?

Let us look back at the claim by Srednicki. He thinks dX/ := eMiik d;dx jdxy can
give the vector index to get the term transform like 0#. But I can also write the
1

integration measure as d¥, = ¢&uijk dx'dx’ dx*. These two terms are essentially the

same, at most differ by a sign.
Our answer is, because n = (1,0,0,0), there is simply just one component in the
four-vector that exists, which is the original term. All other three are zero by

definition. We cannot combine something with three zeros to form a four-vector,

and claim it transforms covariantly as a the Lorentz four-vector.

In fact, because n = (1,0, 0, 0), the results of the above two calculations, (A~ )(L / dy*s(n’

VN GO0 (y)¢(y) and (AT [dy*s(n’ - y)n,¢(y)O(y)$(y) are exactly the
same, as they should be.

From the above analysis we can conclude that, yes, the integration over the time

slice / dx? can serve to contract with the time-like component of the first vector
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in the integrand. But if there is no time-like component of the first vector in the
integrand to contract with, it will notserve to provide a the Lorentz index, such
that the operator or quantum channel can transform as a contravariant or covariant

vector.

In summary, we can see that an operator or quantum channel can indeed transform

covariantly under the Lorentz transformation, if the above two conditions are met.



54
Chapter 6

UNDERSTANDING MOMENTUM EIGENSTATES

One of the key assumptions of the non-unitary Lorentz covariant QFT is

U(A)|p) = [Ap) (6.1)

However, it is not clear if this assumption is valid in the non-unitary setting. In
this chapter, we are going to look deep into the issues. We start from clarifying the
physical meaning of momentum eigenstates |p). We analyze why Eqn (6.1) makes

sense in unitary QFT, and why it does not make sense in non-unitary QFT.

6.1 Momentum eigenstates are not plane-waves

It is widely believed among physicists that momentum eigenstates |p) are “plane-
waves”’, and superposition of them are wave packets. For example, in Peskin
and Schroeder’s "An Introduction to Quantum Field Theory", one of the standard
textbook for QFT, around Eqation 4.65,

"A wavepacket representing some desired state |¢(x)) can be expressed as
= k)|k 6.2

6(x)) = /(2)3\/ﬁ¢()|> (62)

where ¢ (k) is the Fourier transform of the spatial wavefunction, and |k) is a one-

particle state of momentum k in the interacting theory. "(Michael E. Peskin, 1995)

In Srednicki’s Quantum field theory, another standard textbook of QFT, one can also
find similar statements (Mark Srednicki, 2007).

But why is this true? If we are in such a state, can we do any measurements to show

that we are indeed in a plane-wave state?

In this chapter, We will analysis this problem in detail. We show that, country to the
popular belief, momentum eigenstates are not plane-wave states, and superposition
of them do not make a wave packet. In fact, the physical states that has the property

of plane-waves are (second quantized) coherent states.

Let us first look at what a plane-wave means in classical physics. We say a field £

is a plane-wave in space-time if it is has the following form

E(X,t) = Egcos[p - X — wt + ¢o] (6.3)
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This basically says the field amplitude is oscillating in time and space, with wave
length A = 27”.

Moreover, the field is propagating in the space-time. This means the wave front will
start from the source and propagate further as time goes by. At one point in time,
there are portions in space where the amplitudes of the field is 0, since the wave

front has not arrived yet.
Do the momentum eigenstates |p) have such properties? The answer is no.

Firstly, |p) is stationary and not dynamical, as it is an eigenstate of the (Free)
Hamiltonian. If we are in |p) state, which specifies the situation on the whole time
slice, we will not see the propagating behavior, that the wave has not arrived at some
point in the time-slice yet but will arrive later. The excitation is spread out on the

whole time-slice already.

Operationally, if a team of experimentalists try to detect the excitation at different
locations on a time-slice, they should always find the same result on average, as

required by the position-momentum uncertainty principle.

Secondly, we cannot measure the oscillating behavior or confirm that the wavelength
is inversely proportional to p. The only information encoded in |p) is that it is an
eigenstate of P and H operators. If we can measure the energy density, we will
find it is uniform across the time slice. We can measure the field amplitude with
a detector such as an Unruh-DeWitt detector, which couples our field to some two

level system
Hp = x (1)o7 (1) + o~ (1)]¢[xp(1)] (6.4)

where y (1) is the switching function, 7 is the proper time of the detector, o* (1), 0~ (1)
are ladder operators of the two level system, xp(7) is the trajectory of the detector

parameterized by proper time, and ¢ is our field to detect.

When measuring the field amplitude with this detector, since the trace of the state

with this operator is 0 everywhere, the detector will never click.
Trlip)plo)] = (o [ dpaye™ +aje™p) =0 (65)

This means |p) will not display any property of a classical plane-wave. It is thus

incorrect to interpret |p) as plane wave states.
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In fact, the quantum state closest to the classical plane-wave is the (second-quantized)

coherent state (for bosonic systems).

lap|?
|a/p> =e g

N Q'Z 6.6
;\ﬁmm (6.6)

Here the subscript p is the wave vector, and |n,) means n excitations in momentum
mode p. This state is different from the first-quantized coherent states in undergrad-

uate quantum mechanics textbooks, for the reasons as follow.

Some readers may wonder that quantum mechanical coherent states are localized
in phase space, so how can they be plane-wave, which are have a fixed wave vector

(momentum), but are spread out in position space? The reasons are as follow.

When we say coherent states, we mean two classes of states. The first is coherent
states in quantum optics. Such states are localized in quadrature space, as spanned

by quadrature operators
1 :
X = E(aT +a),P = %(aT —a) (6.7)

They are not localized in the physical phase spaces. For example, a quantum optical
coherent state in a single momentum mode k has one fixed wave vector k, and are

spread out in space.

The second class of states are first quantized coherent states, which is usually
describing the motion of (massive) physical systems. Such states are indeed localized
in the phase space. They usually describe the state of some localized physical
systems such as a pendulum or some other forms of harmonic oscillators. The
particle numbers (of the physical systems) are fixed. For example the amount of
atoms in the harmonic oscillators are fixed and not fluctuating. What is quantized

is the motion or excitation of the physical system.

But the coherent states correspond to plane-waves are second-quantized states, in

which particle numbers are fluctuating.

We will find the field amplitude when we measure the field operator ¢(x) in a

coherent state |a),)

¢ (x) = Trllay,){ay|p(x)] = ape'™ + a;e_i”x (6.8)
=2|a,lcos[p - X — wt] (6.9)

This is exactly what a plane-wave should behave, as in Eqn (6.3).
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In reality, we are never able to prepare momentum eigenstates. Our experimental
setup is local, so we cannot prepare a state that suddenly fills out the whole space.
In quantum optics experiments, what we actually create are by Gaussian operations,
such as displacement, squeezing, passing through beam splitters, and detections. We
usually use attenuated coherent states to approximate single photon states. When we
need to know when the single photo has been created, we use spontaneous parametric
down-conversion to create entangled photon pairs and detect one of them. There
are other constructions of single photon source, such as Nitrogen vacancy center,

but those are further away from either momentum eigenstates or plane-waves.

6.2 Superpositions of |p) are not wave packets

Another common misunderstanding is superpersition of momentum eigenstates
forms a wave packet (Mark Srednicki, 2007; Michael E. Peskin, 1995). A clas-
sical wave packet has an field amplitude that is localized around some space-time

region. However, the field amplitude of states which are claimed to be wave packets

F(p)) = / dpf(p)lp)

are not localized. If we measure the amplitude using the Unruh-DeWitt detector,

we will get O everywhere again.

The quantum states that actually describe wave packets are superpositions of coher-
ent states.

5 = [ dps(pla) (6.10)
Let us compute the result of the the amplitude measurement of these states.
¢(x) = Tr[l fu(P))1 fa(P)I$(X)] = @pe'™ + ape ™ = 2|ay|cos[p - X - wi]

_ / dkdqdp £ (k)' f(g)ailape™ |ag) + (alale " |ay)

_ / dkdp f (k)" F (e (aglay) + / dpdq f(p) f(@)e P (aplay)

\ak|2+np\2—2a;;a

= [araprwy prere 5 [agaprioy e

. | |2+nf \2—20*0 X
= [ akdps iy s T [ dkaps ) fe e
For simplicity, let us assume both f(k) and ay are real.

ag—ap)?

¢(x) = / dkdp f(K)f(p)(eP* + e Py e 5

Iaq|2+ap\2—2(i;; ag

2

|(Yk|2+ap|2—2<r;’:7 ay

2
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Clearly, once the integrations are carried out, the only variable left is x, as desired.

To see more clearly, if all amplitudes «,, are equal, this further reduces to

() =2 / dk (k)] / dpf(p) (P + e7iPY)

= const(Fy[x] + Fr[—x])

where F¢|x] are Fourier transformations. This result depends on x, and if f(p)
are chosen wisely, Eqn 6.10 can surely be localized around some space-time region.

This means Eqn 6.10 will have the properities of a desired wavepacket.

6.3 The physical meaning of momentum eigenstates

One potential objection the readers may raise is, you theory of quantum plane wave
and wave packet relies on the fact that you choose to measure the field operator ¢ (x)
to get the wave-like oscillating behaviors. If one measure some other operators,

such as

O(x):/dpa;apcos[px] (6.11)

, one can also show that O(x) oscillates in space-time or the corresponding wave-

packets localize in space-time.

It is true that the oscillatory part comes from the observable, not from the state. But
it does not mean that any observable makes sense. Let us step back a little to look
at the quantum to classical correspondence. Quantum states p correspond to a unit
region in the classical phase-space. Quantum operators O correspond to a classical
observable. In classical physics, when we say the EM wave is a plane-wave, we
mean that if we measure the EM field amplitude at different locations in space-time,
the results are correlated in ways like cos|p - X — wt]. The direct correspondence in
quantum physics is that if we measure the EM field operator at different locations in
space-time, the results are correlated in ways like cos[p - X — wt]. It is thus natural
to measure the field operators, which directly correspond to field amplitudes. On
the other hand, the observable 6.11 is arbitrary, without a clear physical meaning.
While it is true that the a;a p may be related to excitation number (density), there
is no reason to multiply it by cos[px], if not for the sole objective to make it look
like a plane-wave. But for the field operator, the ¢'”* comes directly from field

quantization, which is natural and necessary.
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One may further argue that if we quantize the field in a different way, such as
o(x) = / d}yapaj,eipx +a;ape_i”x (6.12)

, we will have the desired oscillation when measuring (p|¢(x)|p). But this quanti-
zation scheme is not the quantum field theory we are working on, and may not be

self-consistent for various reasons.

The physical meaning of momentum eigenstates are clearer in Heisenberg picture.
They provides a common reference frame for operators. Operators evolve and
accumulate phases, and these phases are relative to momentum eigenstates, which

span the free Hilbert space.

We can construct the Hilbert space of quantum field theory as follow. We choose
a foliation of space-time labeled by a reference system (x,7). At each time slice
t, we associate a Hilbert space # (). For now let us focus on the free theory,
which furnishes a Fock space structure. There is a natural isomorphism between the
Hilbert spaces defined on t and ¢ + 7. |p) € 7 (¢) is identified with |p) € Z'(t + 1)
(up to a global phase). We do not label |p) with time. One reason is that all |p)
in different Hilbert spaces are identified with each other, since there is a natural
isomorphism between the Hilbert spaces defined on different time slices. The other
reason is the time-energy uncertainty. Since |p) are eigenstates of the Hamiltonian,
it has a definite energy (density). If we label |p,t) as some quantum mechanics

textbook did, when doing the Lorentz transformation, we will get into trouble.

But what about time-energy uncertainty in this setting? If we say |p) lies in a Hilbert
space defined on a time-slice ¢, does it mean that |p) is on this precise time ¢? If so,

how do we explain the fact that it has a precise time and energy together?

Let us look at space-momentum dimension. |p) has a precise momentum (density),
but it is completely delocalized in space. This means the configuration of every
point in space are the same. In other words, |p) describes the situation in the whole

time-slice.

In analogy, |p) has a precise energy (density), so it must be completely delocalized
in time. This means that at every point in time, the configuration should be the
same. This also means that, |p) should be stationary in time. If we know we are in
the state |p) at some time, we will be in |p) at any time in the future, and we were

in |p) at any time in the past.



60

This actually makes sense, since |p) is the eigenstate of the Hamiltonian. Its

evolution will only acumulate a global phase, which is not physically measurable.

This is also consistent with Lorentz covariance. |p) spans the whole space. When
we do a Lorentz covariance, we will mix space and time. As space runs from —oo

to +o0, time should do the same as well.

We thus run into trouble in non-unitary cases, since in those cases, |p) will evolve
non-unitarily, thus will not stay as |p) in general, unless in the very special case that

|p) is the stable state of the Lindblad equation.
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Chapter 7

CONCLUDING REMARKS

This thesis explored the possible ways of constructing a non-unitary quantum field
theory that satisfies the Lorentz symmetry. Due to the conceptual, mathematical,
and physical inconsistencies, as analyzed in the previous chapters, I have to conclude
that non-unitary quantum field theory is fundamentally inconsistent with the Lorentz

symmetry.

I would like to point out that these inconsistencies are fundamental and cannot be
overlooked. As physicists, we are used to making various approximations. But here,
the issues are different. We are not trying to make approximations to perform some
useful computation. We are trying to build a fundamental theory aiming at solving
fundamental problems. the Lorentz symmetry has to be exact. The definitions have
the be clear. The assumptions have to make sense. Some physicists acknowledged
the difficulties I pointed out, yet they want to ignore these issues and move on as if

they don’t exist. I could not agree with this attitude.

I had thought that a Lorentz covariant non-unitary quantum field theory can be
constructed, and presented our results at a few conferences. In one of them, I met
Professor Sandip Trivedi, who happened to be one of John’s first PhD students at
Caltech. After I told him what I was working on, he revealed that John had suggested
that he work on this problem back in the 1980s; however, he declined. I realized John
wanted to construct a non-unitary quantum field for so many years. In some sense,
I feel regretted that I may have disappointed him, since as I have shown, this does
not work. But on the other hand, I feel relived, since my research gives a conclusive
answer to this old question. This would help to clarify the misunderstandings in this
field for so many years. Even though the final result is not positive and encouraging
as we anticipated, we gained a small yet deeper understanding of the physical nature.

This makes my time and efforts meaningful and rewarding.
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