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ABSTRACT: The entanglement entropy of a free scalar field in its ground state is dominated
by an area law term. It is noteworthy, however, that the study of entanglement in scalar
field theory has not advanced far beyond the ground state. In this paper, we extend the
study of entanglement of harmonic systems, which include free scalar field theory as a
continuum limit, to the case of the most general Gaussian states, namely the squeezed states.
We find the eigenstates and the spectrum of the reduced density matrix and we calculate
the entanglement entropy. We show that our method is equivalent to the correlation matrix
method. Finally, we apply our method to free scalar field theory in 1+1 dimensions and
show that, for very squeezed states, the entanglement entropy is dominated by a volume
term, unlike the ground-state case. Even though the state of the system is time-dependent
in a non-trivial manner, this volume term is time-independent. We expect this behaviour
to hold in higher dimensions as well, as it emerges in a large-squeezing expansion of the
entanglement entropy for a general harmonic system.
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1 Introduction

It is well-known that entanglement entropy in scalar field theory in its ground state is
dominated by an area law. This peculiar feature resembles the famous property of black
hole entropy, giving rise to simple, but very fundamental, questions: can black hole entropy
be attributed to quantum entanglement? Can gravity be described as a statistical entropic
force, attributed to quantum statistics due to entanglement [1-3]? Such a description
of gravity is at least not contradictory to holographic duality. It has been shown that
FEinstein’s equations in the bulk, or at least the linearized Einstein’s equations around the
pure AdS geometry, emerge as a holographic realization of the first law of entanglement
thermodynamics [4, 5], i.e. of the relation

5SEE =0 (Hmod> ) (11)

which is a trivial identity for any quantum system, and, thus, in the context of the
holographic duality, trivially holds for the boundary theory.

The study of entanglement in scalar field theory was initiated long ago. In 1986,
Bombelli et al. argued that entanglement entropy in scalar field theory should obey an area
law [6]. The actual numerical calculation was performed a few years later by Srednicki [7],
who showed that entanglement entropy in free massless scalar field theory in its ground
state does obey an area law. For a review of entanglement entropy calculations in field
theory, the reader may consult [8-10]. A basic element of Srednicki’s calculation is the
discretization of the degrees of freedom of the scalar field theory on a lattice of spherical
shells. This discretization gives rise to a Hamiltonian of an infinite, but countable number
of degrees of freedom, i.e. a textbook quantum mechanics harmonic system. Srednicki’s
calculation is further based on two facts that apply to the specific ground state scenario:

1. The reduced density matrix can be calculated explicitly in coordinate representation
via the performance of Gaussian integrals, due to the fact that the ground state of a
harmonic system is a Gaussian state.

2. The reduced density matrix is also a Gaussian kernel in coordinate representation and
its eigenstates and eigenvalues can be found explicitly. They resemble the eigenstates
of an effective harmonic system, with as many degrees of freedom as those that have
not been traced out. However, this effective harmonic system does not lie in its ground
state, but in a mixed state. More specifically, each normal mode of the effective
system appears to lie in a thermal state. The reduced system is not strictly thermal,
as each mode is characterized by a distinct temperature.

Since the above hold specifically for the ground state of a harmonic system, the
generalization of Srednicki’s techniques to the study of entanglement in more general states
presents a high level of difficulty. However, both facts listed above still hold for a massive
field theory. In this case, the inverse of the mass can be used as a perturbative parameter to
bypass the numerical part of Srednicki’s calculation [11]. Interestingly, both facts are still
true in the case that the overall quantum harmonic system lies in a thermal state [12, 13].



In such a case, the quantity that is proportional to the area of the entangling surface is not
the entanglement entropy, but rather the mutual information of the system. Finally, both
facts are also true when the harmonic system lies in a coherent state. It turns out that the
entanglement entropy in such a case is identical to that when the system lies in its ground
state [14]. Interestingly, the time evolution of the reduced density matrix is unitary and is
described by an effective quadratic Hamiltonian with explicit time-dependence [15].

An alternative method for the calculation of the entanglement entropy is based on the
correlation function matrix. In this approach the reduced density matrix is constructed
so as to reproduce the same correlation functions in subsystem under consideration as the
overall density matrix. This method is particularly powerful in free field theory, where all
correlation functions are determined by the two-point correlators. In the following, we shall
show that the method that we develop is equivalent to the method based on the correlation
function matrix.

In a seminal paper [16], Page showed that, in an arbitrary quantum state, the entangle-
ment entropy is close to maximal. The possible maximum is proportional to the number
of degrees of freedom of the smaller of the two subsystems. The proportionality constant
depends on the dimensionality of the Hilbert space of a single degree of freedom. This bound
has been connected to the Page curve obeyed by the entropy of black hole radiation [17].
In scalar field theory, the dimensionality of the Hilbert space of a local degree of freedom
is infinite, rendering the above bound also infinite. However, it is still proportional to the
number of degrees of freedom, implying that we should expect the entanglement entropy to
be proportional to the volume of the smaller subsystem, and not the area (see also [18]).
In this sense, the states of scalar field theory that have been investigated, namely the
ground state and coherent states, cannot be considered as arbitrary quantum states, but as
states with special entanglement characteristics. Therefore, it is worth investigating how
Page’s argument applies to more general quantum states of scalar field theory. Srednicki’s
method appears to be more easily generalizable to Gaussian states, indicating as a more
promising direction the study of the squeezed states. In a similar manner, random Gaussian
states have been studied in fermionic systems [19], and it was shown that indeed the mean
entanglement entropy approaches that of the Page curve.

In the case of the most general Gaussian state of the overall harmonic system, i.e.
a squeezed state, the first fact that facilitates Srednicki’s calculation still holds, namely
the reduced density matrix can be found explicitly via Gaussian integrals. However, as
we will discuss in what follows, the second fact does not apply, making the calculation
of entanglement entropy a more complicated task. This problem has been studied at a
more abstract level [20, 21]. In this work, we develop a method for the calculation of the
spectrum of the reduced density matrix, which is the direct generalization of Srednicki’s
method [7]. Our method is shown to be equivalent to the correlation matrix method. Then,
we apply this method to the system of free massless scalar field theory in 1+1 dimensions.
Furthermore, we study the dependence of entanglement entropy on squeezing.

The structure of the paper is as follows. In section 2 we review basic facts about
the coherent and squeezed states of the quantum harmonic oscillator. In section 3 we
study the special case of two coupled harmonic oscillators, which can be solved directly



with Srednicki’s method, and study the dependence of entanglement on squeezing. In
section 4 we generalize Srednicki’s method to harmonic systems with an arbitrary number
of degrees of freedom lying in a squeezed state. In section 5 we develop an expansion for
the entanglement entropy for very squeezed states. In section 6 we apply our method to
free massless scalar field theory in 141 dimensions. In section 7 we discuss our results. In
order not to distract from the main part of the analysis, several secondary aspects, as well
as technical details of the calculations, have been relegated to a series of appendices, so
that they do not disturb the flow of the main text. Appendix A contains the quantitative
analysis, with all technical details, of how squeezing affects entanglement in the simple case
of the two oscillators. Appendix B presents an algebraic construction of the eigenstates of
the reduced density matrix. Appendix C discusses the special solvable case of a harmonic
system in a very specific squeezed state, which demonstrates technicalities of our method
and provides a consistency check of the expansion of section 5. In appendix D the validity
of our method is checked in a special example that can be solved in a different way, via
the extension of the entanglement entropy to the family of Rényi entanglement entropies.
In appendix E we demonstrate the equivalence of our method and the correlation matrix
method. In appendix F we develop an expansion for small squeezing parameters.

2 Gaussian Solutions of the simple quantum harmonic oscillator

In this section we define the basic terminology in relation to the Gaussian solutions of the
simple quantum harmonic oscillator and remind the reader of some basic properties that
they possess. The general Gaussian solutions are characterized as “squeezed” states. A
special subclass of those with enhanced properties are the so-called “coherent” states.

Let us consider the simple quantum harmonic oscillator with Hamiltonian

A2 242
o=t e (2.1)
2m 2

The time-dependent Schrédinger equation

Hi (t,z) = mawgt’x) (2.2)

possesses several Gaussian solutions. The most well-known class of such solutions consists
of the so-called coherent states, whose wavefunction reads

¥ (t2) = (7:;;) 1 exp l_ mw (z o 1)* , po(t) <xh— w®) o0l @3
where

2o (t) = Xocos [w (t — to)] (2.4)

po(t) = —Pysinfw (t —ty)],  Po=mwXo, (2.5)

e (1) = S (t — 1) + 2010 G 9 (8 — 10)] + . (2.6)

2

The coherent states possess several very interesting properties:



1. The mean values of position and momentum follow a classical orbit. Namely
(Z) =20 (t) = Xocos[w (t —to)], (P) = po (t) = —mwXosin [w (t —to)]. (2.7)
2. They are states of minimal and balanced uncertainty. Namely

Az = i, Ap = hmTw’ AxAp = g (2.8)

3. The quadratic part of the exponent of the Gaussian wavefunction is real.
4. The ground state is the special case of coherent state with Xg = 0.

If the Schrédinger equation is solved with an initial condition identified with a Gaussian
state of minimal and balanced uncertainties for position and momentum, then its solution
is necessarily a coherent state. On the contrary, if it is solved with an initial condition
which is a Gaussian state that does not obey both these conditions, i.e. either it is not a
minimal uncertainty state, or the uncertainties of position and momentum are not balanced,
then its solution is a squeezed state. A squeezed state is still Gaussian at all times, like a
coherent state, but it is more general:

i mw r—x 2 r—X
wit,a) = (MO l_ Oe-n®f  pOE—n®)_, ),

(2.9)

where

1 —isinh z cos [2w (t — to)]
£ — 2.10
w (t) % cosh z + sinh z sin [2w (t — to)]’ (210)

1 tanh £ 4+ tan [w (t — t9)]  XoPy
t) = ~ arct 2 in[2w (t —t : 2.11
o (0] = et S tanw (t —t)] T 4 om0l (211

The functions g (t) and po (t) are given by equations (2.4) and (2.5), as in the case of the
coherent states. The parameter z is called the squeezing parameter.
The squeezed states retain some, but not all, properties of the coherent states. Namely:

1. The mean position and momentum follow a classical orbit, exactly like in the case of
coherent states.

2. They are not minimal uncertainty states at all times. More specifically:

h
AzAp = 5\/1 + sinh? 2 cos? [2w (t — to)]. (2.12)

It follows that they are minimal uncertainty states exactly four times during each
period of the corresponding classical harmonic oscillator, namely at times

T T
tmin = to + g + nz, n € 7, (213)

where T is the period of the oscillator, i.e. T = 27 /w. At these instants w, defined
in (2.10), is real.



3. Even at the instants that the squeezed states are minimal uncertainty states, the
uncertainties of position and momentum are not balanced. In general

] h _ [hmRe (w) Im (w)\?
Az = 2mRe (w)’ Ap = \/2 \/1 + (Re (w)) , (2.14)

implying that, at the instants that the squeezed state is a minimal uncertainty state,

[ h | AimweT?
A min — — A min — —_—. 2.1
v 2mwet? P 2 (2.15)

4. The quadratic part of the exponent of the Gaussian wavefunction is not real.

we have

5. The coherent states are special cases of squeezed states with z = 0.

Because of the properties of the coherent and squeezed states, one can conceive the
coherent states as the closest to classical states of the quantum harmonic oscillator, whereas
the squeezed states as the next to closest. For this reason, the study of entanglement in
systems lying in squeezed states presents a certain interest, since it reveals the behaviour of
the system in states which are not very close to classicality. For example, it is known that
the spectrum of the reduced density matrix for an arbitrary coherent state is identical to
that for the ground state. This does not hold for the squeezed states.

As we will discuss in what follows, the study of entanglement in squeezed states of the
overall system is much more difficult than the study of entanglement in coherent states,
because the quadratic part of the exponent of the Gaussian state is not real. Although this
fact does not complicate the explicit calculation of the reduced density matrix via the use
of Gaussian integrals, the calculation of its spectrum is much more involved.

3 The special case of two oscillators

Let us consider the case of two coupled oscillators. From now on for simplicity we use units
where i = 1. Without loss of generality we consider that the mass of each oscillator is
equal to one. Furthermore, for simplicity of the presentation of this toy case, we consider
identical self couplings of the two oscillators. The Hamiltonian of the system is

1
H=3 Pt +p5 + ko (xf + x%) + k1 (21 — 962)2} : (3.1)
In terms of the canonical coordinates
1
r+ = —(x1 2 3.2
=5 (71 % 22) (3.2)

the Hamiltonian assumes the form

1
H = 3 (10%r +p2 +wiad + ngz,) , (3.3)

where w, = kg and w_ = ko + 2k;. As expected, the normal modes are decoupled.



3.1 The reduced density matrix

We consider the overall system lying in a squeezed state; by that we mean that each normal
mode is described by a wavefunction of the form of equation (2.9). It follows that, at any
given time, the state of the two-oscillator system can be written as

= (w+7)r§e ) ) ' exp {_; (w+ (wr—zos ) +w_ (z_ _9”0*)2)

\Ii(x+,m):(

+ipot (T4 —2o+) +ipo— (T— —To-) —ips+ —isos—} :
(3.4)

Obviously, we demand that Re (wy) > 0 and Re (w—_) > 0, so that the wavefunction is
normalizable. The system’s density matrix is given by

ploywsal,al)

_ (Re(w@Re(w))%

T2

) (3.5)

X exp [—2 (w+ (s —x0s ) +w_ (x_—zo_ )2 +w? (¢, —zoy) +w* (¢ —z0_)°

+ipot (x4 —a',) +ipo— (x_—a’) } :

We would like to trace out the second oscillator and find the reduced density matrix of the
first one. In order to do so, we need to express the density matrix in terms of the original

coordinates x1 and x9. It is convenient to define

1 1
To+ = —= (xo1 £ To2), =— + 3.6
0+ =75 (201 % 202) Po+ 73 (Po1 % po2) (3.6)

in a similar manner to (3.2).
The reduced density matrix assumes the form

Re (w) Re (w-) )%

T2

plonsaziata) = (

_i((w++w_) (v +03) +(wy ) (5 +05)

X exp

+2(wy —w-) y1y2+2 (wy —w-)" yiys) +ipor (y1—v1) +ipoz (y2—yé)},
(3.7)
where we defined
Yi =T — x0i, Y =Th— 208, 1=1,2. (3.8)
The reduced density matrix for the first oscillator, p; (z1;2)) = [ dzop (z1, 2; 2}, 22),
can be easily calculated via Gaussian integrals. We only need to complete the square for
the coordinate that is integrated. After some simple algebra we find

1
Re(y) - B\ 1 , |
pr (z1;2h) = ((’rﬂ)) exp {—2 (v +7Y2) + Buivh +ipor (1 —91) |+ (3.9)



where

Awiwo + wy + w_|?

4Re (wy +w-) (3.10)
o wy - wf\Q
p= 4Re (wy +w_)’ (3.11)

The reduced density matrix is appropriately normalized, i.e. Trp; = 1. Notice that it does
not depend on the parameter pgo at all.
It is easy to show that

_ 2Re(wy)Re(w-)

Re(7) -8 =—¢- (0 T (3.12)
_ ‘UA_ + w*,|2
Re(7) +f = o = (3.13)

As a result, for any wy and w_, as long as their real parts are positive, which is required
for the normalizability of the wavefunction of the overall system, Re (v) is always positive
and larger than |3].

3.2 The spectrum of the reduced density matrix

The coefficient ( is real, similarly to the ground or coherent state case. This is enforced by
the fact that the reduced density matrix is Hermitian, i.e. p1 (x1;2)) = pi (2];21). Even
though this property of the reduced density matrix is sufficient in order to set the parameter
B real in the case of a reduced system with a single degree of freedom, it is not sufficient in
the general case. In other words, this is a special property of systems where all oscillators
but one are traced out.

However, the simple example of the two oscillators exposes an interesting difference
to the ground state case or the more general coherent state case: the coefficient v is
complex, namely

_ 4Re(wyw-) + lwy + w_[? ; Alm (wyw_)
7= 4Re (wy + w_) 4Re (w4 +w_)’

(3.14)

This is a direct consequence of the fact that the coefficient of the quadratic term w in the
exponent of a squeezed state is complex.

Nevertheless, the eigenvalues of the reduced density matrix do not depend on the
imaginary part of the coefficient 4. Moreover, they do not depend on the parameter pg;.
We may write the reduced density matrix p; as

1 (135) = i (orsat) exp |~ 51 () (47 = o) + imor (= 94)] (3.15)
where
R —B\2
pr (w1 ah) = (e(zr)ﬁ) exp {—;Re () (w1 +v?) +ﬂy1y’1] , (3.16)



i.e. pp is the same as p;, where we have set the imaginary part of the coefficient v and the
coefficient py; equal to zero by hand. Let f (z1) be an eigenstate of p; with eigenvalue
A, namely

[ e (@iiat) F (@) = A (@) (3.17)

Then, the function f (x1) = exp (—ilm (7) y?/2 + ipo1z1) f (z1) is an eigenfunction of the
reduced density matrix p; with the same eigenvalue. Therefore, the spectrum of the reduced
density matrix does not depend on the imaginary part of v and the parameter pp;. In order
to specify its spectrum, it suffices to specify the spectrum of the matrix p;.

The matrix p; (z1;2}) is of the same form as the reduced density matrix in the case of
the ground [7] or coherent states [15]. It is well known that its normalized eigenstates are

~ 1 1/4 1 2
In @) = T (i) H, (Va (x —zg1)) e 24050, (3.18)
where
o = \/Re (7)? — 32 (3.19)

and H, is the Hermite polynomial of order n. Notice that the parameter « is always real,
since Re () > |B]. The corresponding eigenvalues are

pn=(1-8)¢&", (3.20)
where
J—_— (3.21)
" Re(y)+a’ ’

[ee)
The eigenvalues are properly normalized, since obviously > p, = 1. It directly follows that
n=0

the normalized eigenstates of the reduced density matrix py (x1;2}) are

1 - 14 —l(a—i—ilm(v))(az—ajm)z-‘ripm(J:—xm)

with corresponding eigenvalues given by equation (3.20). The above imply that the reduced
density matrix assumes the form

pr () = (1-€) Y €" falar) fulzh)" (3.23)
n=0
As in the case of the ground state, the entanglement entropy is given by

§
1-¢

The parameter £ and the spectrum of the reduced density matrix depend on time,

S=—-In(1-¢)— Iné. (3.24)

unlike the case of the ground state or a coherent state. This implies that the time evolution
of the reduced density matrix is non-unitary.
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Figure 1. The entanglement entropy as a function of time when only the symmetric mode is squeezed.
Sp is the entanglement entropy at the ground state of the system.

3.3 Squeezing and entanglement

We have obtained the spectrum of the reduced density matrix, as well as the entanglement
entropy, for a system of two degrees of freedom in a squeezed state. This state is in some
sense “less classical” than a coherent state (see discussion in section 2), so it is natural to ask
how the entanglement entropy is altered by squeezing. For the case of two simple coupled
harmonic oscillators, we study some representative examples. The details are presented in
appendix A, while here we only summarize the conclusions.

When the overall system is described by a squeezed state, the entanglement entropy
depends on time. When only one mode is squeezed, while the other lies in the ground or a
coherent state, this dependence results in a periodic oscillation between a maximal and a
minimal value, as shown in figure 1.

The contribution of the squeezed mode to entanglement grows as the squeezing param-
eter increases. However, this contribution may act constructively or destructively on the
contribution of the mode that lies in its ground state. As a result, the maximal value of
entanglement entropy always increases as the squeezing parameter increases, whereas the
minimal value in not monotonous with the squeezing parameter. As the latter increases,
the minimal value decreases, up to a critical value of the squeezing parameter zg = In Z—;,
where it vanishes. Further increase of the squeezing parameter results in an increase of the
minimal value of the entanglement entropy. These features are depicted in figure 2. The
contribution of the squeezed mode is constructive at the instants when the squeezed state
is a minimal uncertainty state with maximal position uncertainty, and destructive at the
instants when it is a minimal uncertainty state with minimal position uncertainty.

The dependence of the minimal and maximal entanglement entropy on the squeezing
parameter is such that the mean entanglement entropy always increases with the squeezing
parameter. After some tedious algebra that is included in appendix A.1, it turns out that
the mean entanglement entropy is given by equation (A.34). For small squeezing the mean
entanglement entropy is quadratic in the squeezing parameter, whereas for large squeezing
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Figure 2. The entanglement entropy as a function of time for various values of the squeezing
parameter z. Sy is the entanglement entropy at the ground state of the system.

Figure 3. The mean entanglement entropy as a function of the squeezing parameter z. The dashed
line shows the approximation of the mean entanglement entropy for small squeezing, whereas the
dotted line the approximation for large squeezing, both provided by equation (3.25).

it becomes a linear function:

2 1+4 2
So— 55 (1+ " ng) 2 <1,

%+1n(\/gif+\/g)+1—3ln2, Z2> 1,

where &g and Sy are the parameter ¢ and the entanglement entropy when the system lies

5]
Il

(3.25)

in its ground state, respectively. The mean entanglement entropy as a function of the
squeezing parameter is depicted in figure 3.

This wave-like addition of the contributions of the two modes to the entanglement
entropy persists when both modes are squeezed. As a result, even when both squeezing
parameters are large, the minimal entanglement entropy may be small or even vanishing,
when the difference of the two squeezing parameters is small. This is depicted in figure 4.

On general grounds, the contribution to entanglement by the two modes is the maximal
possible at instants when both modes are minimal uncertainty states, but one of those has
maximal position uncertainty and the other has minimal position uncertainty. When they

~10 -
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Figure 4. The minimal entanglement entropy relatively to Sy as a function of the squeezing param-

eters.
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Figure 5. The entanglement entropy as a function of time for wy = 1, w_ = V2, 2, = 1
and z_ = 5/4.

are both minimal uncertainty states and have both either maximal or minimal position
uncertainty, squeezing acts competitively and their contribution to entanglement is the
minimal possible. When both modes are squeezed, the dependence of the entanglement
entropy on time is in general not periodic, as the ratio of the eigenfrequencies of the
two modes may be irrational. However, the constructive and destructive addition of the
contributions of the two modes sets an upper and a lower bound for the entanglement
entropy, as shown in figure 5.

Unlike the case where a single mode is squeezed, it is not possible to derive an analytic
formula for the mean value of entanglement entropy. However, it appears that the latter is
an increasing function of both 2z, as shown in the numerical calculation depicted in figure 6.
Indicatively, the small and large squeezing parameter expansions of the mean entanglement

- 11 -



Figure 6. The mean entanglement entropy as a function of the squeezing parameters for w, =1,

w_ =2,

entropy are
i SO B z++z (1 + 1+4§0+£O ].Ilg ) (23) , 2e K ]_7
S = (3.26)
=1 1 0(20), ze > 1,

in line with the above statement.

4 General harmonic system at a squeezed state

Having studied the system of two coupled harmonic oscillators in the previous section, we
can now proceed to study a more general harmonic system with an arbitrary number of
degrees of freedom. We consider a system of N coupled quantum harmonic oscillators
described by the Hamiltonian

H=- sz—i— ZxZKl]xJ p Tp+ x TKx, (4.1)
t,j=1

where we use the vector notation

Tl D1
€2 D2

x=| |, p=| .| (4.2)
TN PN

Similarly to section 3 and without loss of generality, we have assumed that all oscillators
have unit mass. The matrix K is symmetric and positive definite, so that it describes an
oscillatory system with N degrees of freedom around a stable equilibrium position.

There is an orthogonal transformation O, relating the coordinates x; to the normal
coordinates Z;, which diagonalizes the matrix K, reducing the system to a set of decoupled
harmonic oscillators, one for each normal mode.! In other words,

1_

1 N
_52 T+ = Zw] _5 f)+
j=1

Throughout this work, the tilded symbols refer to quantities related to the normal coordinates.

%' K%, (4.3)

l\DlH

— 12 —



where
x=0x, p=0p. (4.4)

The diagonal matrix K contains the squares of the eigenfrequencies of the normal modes

Kij = w}dj. (4.5)
It is obviously related to the initial matrix K as
K =0TKO. (4.6)

We consider states of the system where all normal modes lie in a squeezed state

¥ ) = f[l <Ri(rwj)> i] exp Lij:l (—;wj (% — &oj)” + iboj (&5 — Zoj) — z’%a’)]
/ det Re (W) S

4
L o T/ = T o = .
= 7TN) exp |:—2(X—XO)TW(X—XQ)—FZP(I;(X—X())—ZZQDSJ':|,
j=1

(4.7)
where W is the diagonal matrix whose diagonal elements are the complex values w;, i.e.
Wl‘j = wiéij, (48)

with w; given by the application of formula (2.10) for each normal mode.

We define as subsystem 1 the set of n oscillators described by the coordinates x;, where
Jj < n. The N — n oscillators described by coordinates x;, where j > n, comprise the
complementary subsystem, which we call subsystem 2. We would like to trace out subsystem
1 in order to find the reduced density matrix for subsystem 2 and the corresponding
entanglement entropy.

The bulk of this section is quite technical. For this reason we would like to provide first
the reader with the summary of the results and point out the basic differences with respect
to the case of the ground state, which has been extensively studied in the literature.

4.1 Summary

The reduced density matrix, which describes a subsystem of the overall harmonic system,
turns out to be of the form

1
detRe (v —B)\ 2 1 .
p2 (x2;%3) = (WN(_Vn)) exp {— 3 (y3vys +¥57'yh)

(4.9)

+¥4 By2 +ipg2 (y2 — ¥5) ] :
where « is a complex symmetric matrix, 8 is a Hermitian matrix and yo = X9 — Xg2. The

vector Xo contains the coordinates of the degrees of freedom that have not been traced out,
while the vectors xg2 and pge contain the corresponding parameters xg; and pg;.

~13 -



The imaginary part of the matrix v does not affect the eigenvalues of the reduced
density matrix and can be set to zero by hand. The same holds for the parameters in the
vectors Xgo and pge. Therefore, we are left with the problem of the specification of the
eigenvalues of a matrix of the form

1
N detRe (v — 08)\ 2 1
P2 (x2;%) = <7FN(11)> exp {—2 (730 + x5 9% ) + X’QTBX2] : (4.10)

where « is a real symmetric matrix and 3 is a Hermitian matrix. This is very similar to the
reduced density matrix in the case that the overall harmonic system lies in its ground state.
However, there is one important difference: for the ground state, the matrix  is not just
Hermitian, but real and symmetric.

In the case of the ground state, the fact that both matrices v and [ are real and
symmetric allows the specification of the spectrum of the reduced density matrix in a
trivial manner. One has to perform three coordinate transformations. The first one is
an orthogonal transformation that diagonalizes the matrix . The second is a coordinate
rescaling that sets the matrix v equal to the identity matrix. The last one is an orthogonal
transformation that diagonalizes the matrix 5. After these transformations, the density
matrix is written as the tensor product of N — n matrices of the form

~ 1
1—28;\?2 1 ~
p (i) = (f) exp |5 (82 +27) + Bidisf. (411)

describing one degree of freedom each. The coordinates Z; are the coordinates describing
the reduced system after the three linear transformations that we performed above, i.e. real
linear combinations of the original coordinates. Namely, they equal z; = v?xz, where v;
are the normalized eigenvectors of the real symmetric matrix

B=n"2py70. (4.12)
The parameters Bz are the corresponding eigenvalues of the matrix B .

The above density matrix is of the form of equation (3.16), i.e. of the form that we met
in the simple case of two coupled harmonic oscillators. We know that its eigenfunctions
are given by equation (3.22) and its eigenvalues by equation (3.20). The eigenfunctions are
identical to the eigenstates of an effective simple harmonic oscillator with eigenfrequency
equal to a; = ¢/1 — Bf This fact, combined with the form of the eigenvalues, implies that
the above reduced density matrix is identical to a thermal density matrix describing the
effective harmonic oscillator at a temperature

- B
14+ o4

=¢,. (4.13)

Returning to the reduced system, the fact that the reduced density matrix can be
factored to matrices of the above form, describing one degree of freedom each, implies that it
is identical to the density matrix describing an effective harmonic system in a quasi-thermal
state. The coordinates Z; are the “canonical” coordinates of this harmonic system, whereas
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the values «; are the corresponding eigenfrequencies. The eigenstates of the system are
trivially given by

a; 1/4 N _ Lo (3)2
iy () H W( ) Hpn, (Vi (37) e 2@ (4.14)

The state is quasi-thermal is the sense that each normal mode is in a thermal state, but has
its own temperature. Such a state is not unexpected, considering that the normal modes
do not interact. In an obvious manner, the spectrum of the reduced density matrix is of

the form
N—n

Plmymarmy o} = 11 (1= &)™ (4.15)

i=1

In our case, the overall system does not lie in its ground state, but rather in a squeezed
state. The matrix § is not real; it is Hermitian. We may diagonalize the matrix v via an
orthogonal transformation and even rescale the coordinates in order to set v equal to the
identity matrix. Nevertheless it is not possible to diagonalize the matrix 5 through another
orthogonal transformation.

It follows that the reduced density matrix cannot be factored to the tensor product of
matrices, each describing a single degree of freedom. However, we can still perform the first
two coordinate transformations and express the reduced density matrix in the form?

det (I - Re (B))exp{ ! (s A/TA/>+§(/2TB§(2], (4.16)

S (sen ) —
p2 (X2;%5) = ~N—n Xg X2 + X3 Xy

where 3 = Re (’y)_% B Re (7)_%. Rather surprisingly, it turns out that the general properties
of the eigenstates and eigenvalues of the reduced density matrix remain the same as when
B is real and symmetric.

Even though we cannot factor the system, we may search for eigenfunctions of the
reduced density matrix that are of similar form to those in the case of the ground state.
First, there is a Gaussian “ground” eigenstate

Ty (x) ~ exp <—;XTAX) , (4.17)

where the matrix A satisfies the quadratic equation
A=T-BT(I+A)7"'5 (4.18)

This equation has many solutions, but only one gives rise to a normalizable Gaussian
eigenstate.
Second, there are N — n “first excited” eigenstates

1
Wy (x) ~ VI xexp (—QXT.AX> , (4.19)

2Throughout this work, the hatted symbols refer to quantities defined in the coordinates of the reduced
system where the matrix Re () has been set to the identity matrix.
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where A satisfies (4.18) and the vectors v; are the right eigenvectors of the matrix
2=pT T+ A" . (4.20)

Let us call &; the eigenvalue of the matrix = that corresponds to the eigenvector v;. Then,
it turns out that the eigenvalue of the eigenstate Wy; of the reduced density matrix is Ag&;,
where \g is the eigenvalue of the “ground” eigenstate (4.17). The vectors v; are in general
complex. The matrix = has no specific symmetry property, nevertheless, its eigenvalues
are real.

If the overall system lay in its ground state, we would upgrade the linear combinations
of the coordinates viTx to Hermite polynomials of those and construct the whole tower of
states. In our case, this is not possible. However, testing the function

Vimr maemn} (X) ~ (vlTx) " (vgx) "o (v%_nx) e exp (—;XT.AX> , (4.21)

it can be shown that, although it is not an eigenstate, there is always a unique way to add
m m MN_n
terms of lower order to the polynomial (VlTx) ' (vgx) L (v%_nx) " , so that we

obtain an eigenstate of the reduced density matrix. The corresponding eigenvalue is

)‘{m1,m27--~7mn} = )‘O‘S{nl 72712 S xfg" (4.22)

It follows that the spectrum of the reduced density matrix in the case of squeezed states
has the same form as in the case of the ground state, namely (4.15). The difference is the
following: in the case of the ground state, the values of the parameters £; are determined by
the eigevalues of the matrix 3, defined in equation (4.12), via the formula (4.13). In the case
of the squeezed state, the &; are the eigenvalues of the matrix =, defined in equation (4.20).
In the coherent limit of the squeezed states the two definitions become equivalent.

The matrix = is defined via the matrix A. This introduces an extra difficulty: in order
to calculate the matrix A one needs to solve the non-linear matriz equation (4.18) and
specify which solution gives rise to normalizable eigenstates of the reduced density matriz.
It turns out that there is only a single admissible solution for A and thus for the matrix =.
The eigenvalues of the admissible matrix = can be specified as the solutions of the equation

det (21 — M3 — iBT) =0 (4.23)

that are smaller than 1. The above equation has in general 2 (N — n) solutions that come
in pairs of the form (A, 1/)). Therefore N — n of its solutions are smaller than 1 and the
other N — n are larger than 1.

The next four subsections contain all the technical details of the calculation of the
eigenfunctions and eigenvalues of the reduced density matrix. The reader who is not
interested in these details may skip them and move to the next section. In appendix B
we present a systematic iterative method to construct the eigenfunctions of the reduced
density matrix based on creation and annihilation operators. In appendix D we present
an explicit realization of this calculational process in a toy example. We confirm that the
result is in agreement with that obtained through an alternative method using the Rényi
entropies, which is not applicable to the general case, but is feasible in this simple example.
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4.2 The reduced density matrix

In order to trace out the degrees of freedom of subsystem 1, we need to express the state (4.7)
in terms of the original coordinates x,

i N
U (x) = <detl:-(;\7(VV)> exp {—; (x —x0)" W (x — x¢) + ipp (x — x0) —ingSj] ,

j=1

(4.24)

where obviously W = OTWO, %y = Oxg and py = Opg. The matrix W is a complex
symmetric matrix. The density matrix describing the overall system assumes the form

plxixd) = () exp [ = 4 (=)W (x = x0) .

+ (x' — X(])T W* (x" — x¢) )] exp [ipOT (x — x')} .

We use the block form notation

A B X1 X01 Po1
(o) == (o) ==() w=(m). am

where the matrix A is an n x n matrix, the matrix C is an (N —n) x (N — n) matrix and
so on. Notice that the matrices A and C are complex symmetric matrices, whereas the
matrix B is not even a square matrix.

Using this block form notation, the reduced density matrix describing subsystem 2,
p2 (x2;%4) = [ d"x1p (X1, X2;X1,X5), can be easily found via the application of multidimen-
sional Gaussian integrals. It is a matter of simple algebra to show that

1
detRe (v —B3)\2 1 .
p2 (X2;X5) = (7TJ\/(_n)> exp [— 5 (v5vys + y5 7' yh)

2 (4.27)
+ 5 By2 + ipgy (y2 — ¥5) ],
where
y=C— %BTRe (A)' B, (4.28)
B = %BTRe (A)'B, (4.29)

and y; = x; — Xq;.

Notice that the matrix v is by definition a complex symmetric matrix; it obeys 47 = 7.
On the contrary, the matrix 3 is by definition a Hermitian matrix; it obeys BT = 3. For
this reason, in the case of the two oscillators, where the matrices v and § were numbers,
the coefficient v was complex, whereas the coefficient 8 was forced to be real, as we saw
in section 3.

17 -



4.3 The eigenproblem for the reduced density matrix

Similarly to the case of the two oscillators of section 3, the imaginary part of the matrix ~
does not affect the eigenvalues of the reduced density matrix. We may write this matrix as

1
detRe (v — )\ 2 1
pa (x2; %) = (WNW”)) exp [—2 (¥3Re (1) y2 + ¥5 Re (1) ) +v4 By

—5 (VFm () y2 =y Im (1) b)) + Py (v2 — Y’z)} :

(4.30)
Consider the matrix po which is identical to the reduced density matrix p2, where we have
set by hand the imaginary part of v and the shifts xg2 and pg2 to zero, i.e.

p2 (x2;%5) = <detRe(7—5)>é

o (4.31)
X exp [—; (XQTRe (7) x2 + x5 Re (7) X’Q) + X5T5X2:| .
Furthermore, consider that f (x2) is an eigenfunction of o with eigenvalue A, i.e.
[ ¥ () £ () = AF (x2). (4.32)
Then, the function
f(x2)=exp [—; (x2 —XOQ)TIHI (7) (x2 —x02) —l—ipg; (x2—x%02) f(XQ —X02) (4.33)

is trivially an eigenfunction of the reduced density matrix ps with the same eigenvalue.
Therefore, it is sufficient to find the spectrum of the simpler matrix po. We may further
simplify ps via the following linear transformations of the coordinates:

1. A real orthogonal transformation of the coordinates xo, which diagonalizes the matrix
5.
2. A rescaling of the coordinates x2, so that the matrix Re () becomes the identity

matrix.

Let us denote the coordinates after these two transformations as Xs. In an obvious manner
1
%9 = Re (7)™ 2 x2. Then, the matrix ps assumes the form

B (52:%0) = J et (120 (0)) oy L (i) + 5] s

7TN—n

where

=

B=TRe(y) % BRe(v)"

The calculation of its spectrum cannot continue along the same path as in the case of

(4.35)

the ground or coherent state. In such a case, the matrices v and 8 would be both real
and symmetric and so would be the matrix . So, we would apply a final real orthogonal
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transformation, which would diagonalize B and effectively factorize the problem to problems
of a single degree of freedom, rendering the calculation of the density matrix eigenstates
and eigenvalues trivial. This is not possible in our case. The matrix ,5’ is not real and
symmetric, but rather it is a Hermitian matrix, and thus it cannot be diagonalized via a
real orthogonal transformation.

In the following, we drop the index 2 from the coordinates that describe the degrees of
freedom of subsystem 2.

4.4 The eigenstates of the reduced density matrix

In the case that the matrix B is real and symmetric, we know the form of the eigenstates
of the reduced density matrix. They are the Fock space states of an effective system of
coupled harmonic oscillators.

This is not the case when the matrix B is Hermitian and not real. The structure of the
eigenstates is deformed. However, there are several characteristics that remain invariant
and allow the specification of the spectrum of the reduced density matrix.

4.4.1 The “Ground” eigenstate of the reduced density matrix

First, let us investigate whether there is a “ground” state similar to the case of real 3 ,l.e. a
Gaussian state. Its existence is supported by the fact that the reduced density matrix is
also Gaussian. Consider the normalized wavefunction

Uy (x) = cpexp (—1XT.AX> , co = (det(Re(A)))l/{ (4.36)

2 7.(.N—n

The matrix A is in general a complex symmetric matrix, which needs to be specified so that
Uy is an eigenstate of the reduced density matrix. It is a matter of algebra to show that

P2V (x) = /d”x/ﬁz (x;x) ¥y (x')

= cco/d"x’ exp [—
- J det (1~ Re (5)) .

7TN—n

) (4.37)
(XTX +xT(I+ A) X/> +x'Tpx

i

DN | =

where

Performing this integral yields
1 n 1A
P2V (X) = ccoCing €xp |:—2XT ([ — BT+ A" B) x} , (4.39)

where
(27r)N_n

Cint — m . (440)

It follows that the Gaussian state (4.36) is indeed an eigenstate of the reduced density

matrix, if

A=T-3TT+ A5 (4.41)
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Then, the corresponding eigenvalue is

S R (O] s

Since the reduced density matrix is Hermitian, and thus, it has real eigenvalues, the above
implies that the matrix I + A has a real determinant, although in general it is a complex
symmetric matrix.

4.4.2 The “First Excited” eigenstates of the reduced density matrix

In the case that the matrix 3 is real, there exist eigenstates that are the first excited states
of the effective harmonic system. These states are the product of a Gaussian with a linear
combination of the coordinates that is the corresponding normal coordinate of the mode
that is excited. So let us investigate whether there are eigenstates of the form

1
Y1 (x) = vl xexp (—2XTAX) , (4.43)
where v is a constant vector. The algebra is similar to the case of the Gaussian eigenstate:
P2t (x) = /dnxlﬁ2 (x;x') ¥ ()

. ) (4.44)
= ccy /dnx’v’Txexp [—2 ( Tx +xT(I+A) X’) +xTpx]| .

In order to perform this integral, we complete the square in the exponent, as in the case of
the “ground” eigenstate. This yields

potr (x) = cercimvT (I+.A)7! Bxexp [—;XT (I BT+ A" B) x} ) (4.45)

It follows that the state (4.43) is indeed an eigenstate of the reduced density matrix,
as long as it has the same matrix A as the Gaussian eigenstate, i.e. the solution of
equation (4.41), and furthermore the vector v is a right eigenvector of the matrix

2=3TU+A)" . (4.46)

Notice that the matrix = in general is not symmetric or real or Hermitian. Let v; be the
eigenvectors of the matrix = and &; the corresponding eigenvalues, i.e.

EVZ' = &VZ (4.47)

Then, we have found N — n “first excited” eigenstates of the reduced density matrix.
They read

1
Ty, (x) = cpvixexp <—2XTAX) (4.48)
and the corresponding eigenvalues are

Ali = cCint&i = Mo&i- (4.49)
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The fact that the density matrix is Hermitian implies that its eigenvalues are real;
therefore the eigenvalues &; of the matrix = are real, although this matrix has no particular
symmetry property. The fact that the density matrix is Hermitian further implies that these
eigenstates are orthogonal, although the eigenvectors of the matrix = are not necessarily
orthogonal either in the real or the complex sense. It is a matter of simple algebra to show
that demanding that the states Wy; are not only orthogonal, but also normalized, yields

5ij = Clicij /dnx (VZTX) (V?X)*EXP (_XTRe (.A) X) _ 0121061] TRe (.A) 1Vi- (4.50)
0

This implies that the eigenvectors of the matrix = are orthogonal in the complex sense upon
the introduction of a real metric, which is equal to the inverse of the real part of the matrix
A. In what follows we always choose the eigenvectors of the matrix = to be orthonormal in
this sense, i.e.
viRe (4) " vi = 6. (4.51)
Obviously, this definition of the vectors v;, combined with the equation (4.50), implies
that the appropriate choice for the normalization constant of the “first excited” eigen-
states (4.48) is
c1i = V2. (4.52)

The above also imply that the matrix
= = Re(A) "% ZRe (A)? (4.53)

1
has the same eigenvalues as =, and its eigenvectors, which are simply v, = Re (A)™ 2 v;, are
orthogonal is the usual complex sense, i.e.

V/-TV,- = 61] (454)
It follows that the matrix = is Hermitian.

4.4.3 The tower of eigenstates of the reduced density matrix

In the case of real ﬁ the construction of the rest of the tower of eigenstates is trivial, since
they constitute the Fock space of an effective harmonic system. In our case of interest,
namely that of complex B, the construction of the whole tower of states is not that simple.
Let as consider the “second excited” state

1
oij (x) = CQijviTxv]Tx exp <—2XTAX> . (4.55)

The indices ¢ and j may coincide or not. In the case of real B, we would expect that this
2
is an eigenstate if ¢ # j, whereas, if i = j, the square (v?x) should be corrected to the

second order Hermite polynomial of v/ x. In the case of complex A, the above do not hold.
Let us study the action of the density matrix on this state:

p2tbaij (x) = / d"x'pa (x; %) aij (x')

T 4.56)
1/ 7 - R (
= CC2ij /d x'v; X/V x'exp [—2 (X x+x" (I+.A) x') + x/1 BXi| .
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We complete the square in the exponent as in the case of the Gaussian eigenstate. This yields

- 1 i 1
p2at)aij (x) = )\ofiijQijviTvaTx exp (—XT.AX> + CCQijCiZIz}Z exp (—QXT.AX)

2
(4.57)
cCo; cm
= Ao&i&jv2is + 2630 L,
where
: 1 9 N—-n
o :/d"x’vTx'v X'exp{ 25X T(I+A)x } d(etz'—f—fl) (I+A)™" (4.58)

The above integral does not vanish either when ¢ = j or when i # j, unlike the case of
real B . Therefore, the state 1)9;; is not an eigenstate of the reduced density matrix, as the
action of the latter on 1)9;; gives a linear combination of 19;; and the Gaussian “ground”
eigenstate Wy. Nevertheless, it follows that it is trivial to construct an eigenstate of the
reduced density matrix by taking an appropriate linear combination of v2;; and ¥, namely

Wi = 125 + coij Yo, (4.59)
where 0
i 1
coij = 2t = (4.60)

CoCint {zé] -1
More interestingly though, we do not need to explicitly calculate the coefficient cg;; in order
to specify the eigenvalue of Wo;;. This is the coefficient of v9;; in p21p2;;. The addition of
coij Po cannot alter this term; it only corrects the subleading terms. Therefore, there is a
set of “second excited” eigenstates, the states Wo;;, with corresponding eigenvalues

A2ij = A& (4.61)

It is not difficult to show that this argument holds inductively. It is always possible to
build an eigenstate Wy, . ., (X), whose higher-order term is

w{ml,mm-..,mn} (x)
=t ()" (95 (40) " e (- 45).

with eigenvalue

(4.62)

)‘{mhmz,--.,mn} = )‘05?155@ ce 6777"- (4.63)

The definition of the matrix = (4.46), combined with the defining equation of the matrix
A (4.41), implies that
I—A==2(I+Az". (4.64)
Using the definition of the matrix =, the trick I = & (I +A) + 3 (I —A) and the above
relation, yields

[—Re (3):%(1—5) (1+.4) (1-2"). (4.65)
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This, combined with equation (4.42), implies that

Ao = y/det (I — E) det (I - E7) (4.66)
or
=01-&)1-E&)...(1=¢&,). (4.67)
Thus, the eigenvalues of the eigenfunctions that we have already discovered are equal to
Amyma,mn) = (1= &) (1= &) ... (1 - &) &M ... & (4.68)
It follows that
> Apmimayemny = L. (4.69)

{m1ma,...mn}
Therefore, we have discovered all the eigenfunctions of the reduced density matrix, or at
least all the eigenfunctions with non-vanishing eigenvalues.
Finally, equation (4.68) implies that the entanglement entropy is given by the same
formula as in the case of the ground or coherent states, namely

SEE = —Z (111(1 - éz) + 1 &5 ln§i> . (4.70)

As in the simple case of the two oscillators, the parameters &; are time-dependent, implying

that the time evolution of the reduced density matrix includes a non-unitary part.

The eigenfunctions of the matrix ps can also be constructed algebraically with the use
of appropriate creation and annihilation operators. The details of this construction are
presented in appendix B. The structure of the eigenvalues of the reduced density matrix
implies that this matrix assumes the form

P2 ~ exp lz —,uiN,-] , (4.71)

where N; are the occupation numbers resulting from the creation and annihilation operators
that construct algebraically the eigenfunctions, while p; = —1In¢;. This structure corre-
sponds to a generalized Gibbs ensemble (GGE). However, there are several subtle features:

1. The creation and annihilation operators are linear functions of the local positions and
momenta. However, the linear combination of positions is not conjugate to the linear
combination of momenta appearing in the same operator.

2. The overall system does not lie in an equilibrium state. The squeezed states are
time-dependent and they display an oscillatory behaviour. However, the reduced
density matrix corresponds to a generalized Gibbs ensemble with time-dependent
chemical potentials. It is interesting that the subsystem can be described by notions
of equilibrium thermodynamics, such as the GGE.

3. If we wanted to use the form of this distribution in order to estimate scaling properties
of the entanglement entropy, we would need to know the spectrum of the matrix =
analytically. Unfortunately, this is a task that can only be performed numerically.
However, in section 5, we show that an analytical treatment is possible in the limit
that the squeezing parameter is large.
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4.5 A comment on the symmetry property of entanglement entropy

We found above that the spectrum of the reduced density matrix is given by equation (4.68),
where &; are the eigenvalues of the square matrix =, defined in (4.46), whose dimension
is equal to the number of degrees of freedom of the reduced system. It follows that the
entanglement entropy is given by the formula (4.70).

It is well known that, when the overall system lies in a pure state, which is the case for
the system we study in this work, the entanglement entropy has a symmetry property: the
entanglement entropy calculated by the reduced density matrix of subsystem A is identical
to the entanglement entropy calculated by the reduced density matrix of the complementary
subsystem A,

SeE (pa) = SeE (pac) - (4.72)

Within the framework that we performed our calculation of the spectrum of the reduced
density matrix, this property may appear peculiar, since the larger of the two subsystems
would be characterized by a larger number of parameters &. Actually, the symmetry
property does not only require equality of the two entanglement entropies. The two reduced
density matrices have identical spectra; the one with the larger dimension has the same
eigenvalues as the one with the smaller dimension, plus vanishing eigenvalues.

Given that the spectrum of the reduced density matrix in our case is given by (4.68),
these facts imply the following: the matrix = of the subsystem with the larger number
of degrees of freedom, namely max (n, N —n), has min (n, N — n) eigenvalues, which are
identical to the min (n, N — n) eigenvalues of the matrix Z of the subsystem with the smaller
number of degrees of freedom. The remaining max (n, N — n) — min (n, N — n) eigenvalues
are vanishing.

As long as we are interested in the entanglement entropy or even the spectrum of the
reduced density matrix, it is simpler to consider the reduced density matrix of the smaller
of the two subsystems. This simplifies numerical calculations, since these are performed
with matrices of smaller dimension. More importantly, considering the reduced density
matrix for the smaller subsystem eliminates the presence of vanishing eigenvalues in the
spectrum of matrices such as 8 or =, which would render them non-invertible.

4.6 The eigenvalues of the reduced density matrix

The problem of the specification of the spectrum of the matrix po, and, thus, of the reduced
density matrix, has been reduced to the problem of the specification of the eigenvalues of
the matrix =, defined in equation (4.46). The matrix = has no specific symmetry property,
but nevertheless it has real eigenvalues; we have shown that it is similar to a Hermitian
matrix (see equation (4.53)). A problem that appears in this task is that the matrix = is
defined in terms of the matrix A, which is a solution of the quadratic equation (4.41). As
such, there are many matrices A, and thus matrices =Z. However, not all of them correspond
to normalizable eigenstates of the reduced density matrix. We need to find a systematic
way to distinguish which A corresponds to normalizable eigenstates and then calculate the
eigenvalues of the matrix = that corresponds to this specific choice.
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We write (4.41) in the form of a matrix Riccati equation as
I—22T37 4 2T5713TT = 0. (4.73)
The solutions of equations of the form
Msy + MosW — WMy — WMisW =0 (4.74)

are constructed as follows: we define the matrix

My Mo
M = . 4.75
<M21 M22> (4.75)

Then the original equation is equivalent to the “eigenvalue” problem
My M I 1
e = Z, (4.76)
Moy Moo ) \W w

where Z is a matrix. The first line of this equation implies that Z = Mj1 + M12W and thus
the second line is equivalent to the original Riccati equation (4.74). Given the solutions of
the ordinary eigenvalue problem

My Mg\ (x5) _\ (x5
<M21 M22> (%‘) =N (%) 7 (.77)

W =y, (4.78)

the solutions of (4.74) are

where the matrices x and 9 are constructed using some of the x; and 1; as columns, i.e.

Xi; = (X5); Vij = (¥5); - (4.79)

In particular when all matrices of (4.74) are square d x d matrices, there are (2d)!/(d!)?
combinations. Of course not all combinations correspond to valid solutions, since the matrix
x should be invertible.

In our case, the matrix M is 2min (n, N —n) x 2min (n, N — n) and reads

B 2371 _BfIBT
e (55 -
Notice that
det M = det (3_1) det (ﬁT) =1 (4.81)

The eigenvalues of the matrix M are specified by the equation
~ 1.
det (2] —\3— A5T> =0. (4.82)

Since the determinant is invariant under transposition, the eigenvalues of M come in pairs
of the form (A, 1/A).
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In order to identify admissible solutions for = we have to understand the relation
between the eigenvalues of the matrix = and the eigenvalues of the matrix M. It turns out
that this relation is quite simple. Recall that the spectrum of the reduced density matrix is
given by (4.68). It follows that the eigenvalues of = (and thus the eigenvalues of =7 should
all be not only real and positive, but also smaller than 1.

The eigenvalue problem (4.77) implies that the matrices x and ¥ obey

2x — BT = BxAp, (4.83)
XAp' =, (4.84)

where Ap is a diagonal matrix containing the eigenvalues of M which correspond to the
eigenvectors that we used in order to construct the matrices y and . Equation (4.78) along
with (4.84) implies that the matrix =7 reads

=T = Ayt (4.85)

As a direct consequence, the eigenvalues of = coincide with the inverse of the eigenvalues of
M which correspond to the eigenvectors that we used in order to construct the matrices y
and 1. This implies that M has at least min (n, N — n) eigenvalues that are real and larger
than 1. Since the eigenvalues of the matrix M come in pairs of the form (X, 1/X), it follows
that exactly min (n, N — n) eigenvalues of the matrix M are real and larger than 1 and the
other min (n, N — n) are real, positive and smaller than 1. This also implies that:

o There is a single admissible matrix =. It is constructed using the min (n, N — n)
eigenvectors of M which correspond to its eigenvalues that are larger than 1.

e The matrix A, which corresponds to this admissible =, is the only one which gives
rise to normalizable eigenstates of the reduced density matrix.

o The eigenvalues of the admissible matrix = are simply the min (n, N — n) solutions of
the equation (4.82) that are smaller than 1.

A solvable example that demonstrates the structure of the eigenvalues of the matrix
M is presented in appendix C. In this example, although the system lies in a squeezed
state, the phases of the modes are selected in a very particular way (they are all equal to
zero) and as a result the matrix J is real. Another example, where the matrix § is complex
is presented in appendix D, where it is verified that the calculated entanglement entropy
is in agreement with a calculation based on the Rényi extension of entanglement entropy.
Finally, in appendix E we relate our calculation to the calculation of the spectrum of the
reduced density matrix using the correlation matrix method. There, we also show that we
can relate the eigenvalues A of the matrix M to the eigenvalues A, of the N x N matrix M,
defined as

~ _ —Re(A) ilm (B)
M =Re(W)™! (_ﬂm (B) Re( C)> . (4.86)
Their relation is -
= {‘ —1 (4.87)
A+1



The matrix M is well defined independently of whether we trace out the larger or the
smaller subsystem. It turns out that the admissible spectrum of M, which satisfies X > 1,
is equivalent to the spectrum deduced from the correlation matrix.

The numerical analysis in the following sections has been performed with three equivalent
approaches, namely the method based on the matrix M, the correlation matrix method,
and the method based on the matrix M, discussed in appendix E. All three methods give
results that are identical up to at least ten significant digits.

5 Large-squeezing expansion

In section 3 we studied the system of two coupled oscillators, where we traced out one of
them. We showed that in general entanglement entropy increases with squeezing. For small
squeezings, the entanglement entropy is a quadratic function of the squeezing parameters,
whereas for large squeezings, the entanglement entropy becomes a linear function of the
squeezing parameters, see e.g. equation (3.26).

Although it is very difficult to find exact formulae for the case of a general harmonic
system with an arbitrary number of degrees of freedom, we would like to find asymptotic
expressions in order to check whether the form of dependence of entanglement entropy on
squeezing in the system of two oscillators persists in the general harmonic system. In the
following we discuss this expansion for large squeezing parameters, which will be relevant for
the interpretation of the numerical results of section 6. The expansion for small squeezing
parameters is presented in appendix F.

The most important parameter that defines the state of the overall system and con-
sequently the entanglement between subsystems is the coefficient w of the quadratic part
of the exponent of the wavefunction of a squeezed mode. We remind the reader that, in
the case of the ground state or a coherent state, this coeflicient is trivially real and equal
to the eigenfrequency of the mode, whereas in the case of a squeezed state, it is complex,
depends on the squeezing parameter and is not constant in time, as shown in equation (2.10).
Defining € = exp(—=z), we may rewrite this equation as

2¢—i(1— € 2w (t —1t
Y7 1+ sin [20:1 (t —to)] - 261>8?r?[§£(twt(o)] ! (5.1)
0 L+ e s ti=to)]
This can be written as a series in powers of € as,
2w kS ( 1>k(1—sin[2w(t—to)]>k o
w= - €
1+ sin 2w (t — to)] = 1+ sin [2w (t — to)]
B (5.2)
N iw cos [2w (t — to)] 2iw i( 1)k <1—sin [2w (t_to)]>k ok
— — €
1 —sin 2w (t —to)]  cos[2w (t —to)] (= 1 + sin [2w (t — to)] ’
i.e. a series forming a large-squeezing expansion for the parameter w.
Notice that this series is convergent only when
1 —sin[2w(t —t
simf2w(f ~to)l > (5.3)

1+ sin 20 (t — to)]
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or
sin [2w (t — to)] > — tanh 2. (5.4)

When taking the limit z — oo, the above inequality is satisfied for all times except a
very small time period centred around the specific instant that the mode in question is a
minimal uncertainty state with minimal position uncertainty. For a system containing a
large number of modes, the dominant effect to the mean entanglement entropy arises from
the bulk of modes, for which this inequality is satisfied.

When we study an arbitrary harmonic system with N degrees of freedom, the coefficient
w is upgraded to the N x N matrix W, see equation (4.24). The reduced density matrix is
expressed directly in terms of the blocks of the matrix W defined in (4.26). We assume that
all modes are characterized by large squeezing, i.e. z; > 1, and write the mode squeezing
parameters as z; = z + (;, where z is the mean squeezing parameter. We focus on the case
that the parameters (; are subleading to the mean parameter z, i.e. (; < z. We may now
define a single parameter € = exp(—=z), so that the matrix W, as well as its blocks, have an
expansion of the form

W =iy w4 3 FHw . (5.5)
1=0 1=0

Notice that the imaginary part of W contains only even powers of €, whereas the real part
of W contains only odd powers of e. The leading contribution in € is imaginary. In the
following, we use the same notation for the expansions of the blocks of W and the matrices
A, B and C.

The reduced density matrix is expressed in terms of the matrices v and 3 defined in
equations (4.28) and (4.29). The above expansion implies that « and [ are given by

= () ()

wi|cf 5 ((BR) (a9) B+ (BY) (49) " BY)| +000. (59)

I
() () - ) () ) w0 e

In the following, we use the notation

(-1

i@ (5.8)

p=C g0y (5.9)

The important property of the expansions of the matrices v and § is the fact that the
leading contributions are identical, i.e. S(-1) = ~(=1),

Recall that the entanglement entropy is determined by the eigenvalues of the matrix =
that correspond to the normalizable eigenstates of the reduced density matrix. These are
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identical to the eigenvalues of the matrix M, defined in equation (4.80), which are smaller
than 1. This matrix can be written as

A (231 _315@) _ (Re(fy)é 0 1) v (Re(fy)_é 0 1)7 (510)
I 0 0 Re(y)” 0 Re(y)®

where . L
A (25 ?ew) —605 ) (5.11)

The matrix M’ is similar to M and thus, it has the same eigenvalues. It has the expansion

e (2 I — 2 (Ben)*l BO 4 20 T 4 2e (5(*1))71 BO 4+ 233 ) (63) _

I 0
(5.12)
It is a matter of algebra to show that
-1
det (M’ — AI) = det [(1 — A= 2ie(1- ) (BCD) B0
(5.13)
— ¢ ()\Ml(f) + Mf?) +0 (e3> }
It follows that the eigenvalues of the matrix M’, and thus of M, are of the form
A=1-al10(e), (5.14)

where A(Y) solves the equation
2 -1
det [()\(1)) 123D (B0) 7 8O — (M) + MS))} = 0. (5.15)

Bear in mind that the non-vanishing eigenvalues of the matrix = are as many as the number
of degrees of freedom of the smaller subsystem, namely min (n, N — n). The above equation
is of order 2min (n, N —n). We know that the eigenvalues of M come in pairs of the
form (A,1/A). It can be shown that the solutions of the above equation also come in
pairs of the form ()\(1), —)\(1)). It follows that exactly min (n, N — n) of these solutions are
positive. Therefore, the eigenvalues of the matrix = tge)mt corresponds to the normalizable

eigenstates of the reduced density matrix are {; = 1—€);

and )\El) > 0.
In appendix C, the example of a squeezed state with all modes having the same

,where i =1,2,...,min (n, N — n)

squeezing parameter and vanishing phases is presented. This case is exactly solvable as
this specific selection leads to a real matrix 5. In this solvable example, the eigenvalues of
the matrix = for large squeezing parameters have indeed the form of equation (5.14). This
provides a consistency check for our large-squeezing expansion.
To leading order in ¢, the entanglement entropy reads
min(n,N—n)
S=min(n,N —n)(—Ilne+1) — Z ln)\gl)—l-(’)(e)
i=1
min(n,N—n)
=min(n,N —n)(z+1) — Z ln)\(l)—l-(’)(e).

%
=1

(5.16)
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This formula shows that, for large squeezing, the entanglement entropy has a linear de-
pendence on the squeezing parameter. It also shows that the leading term, which depends
linearly on the squeezing parameter, is time-independent. The formula is in agreement
with (3.26). In that case, z = % and N —n = 1.

Formula (5.16) suggests something very interesting. The leading contribution to
the entanglement entropy is proportional to min (n, N —n), i.e. the number of degrees
of freedom of the smaller subsystem. It follows that in a continuous harmonic system,
like free scalar field theory, in the large squeezing limit, the leading contribution to the
entanglement entropy is proportional to the volume of the smaller subsystem. In other
words, squeezing generates a violation of the famous area-law property of entanglement
entropy. This property apparently holds only when the system lies in a coherent state,

which is a closest-to-classical state.

6 A field theory example

We are particularly interested in the application of the method that we developed in section 4
to the harmonic system of scalar quantum field theory. Our interest is enhanced by the
fact that the large squeezing expansion, which we developed in section 5, suggests that
the area-law property of entanglement entropy may not persist when the theory lies in a
squeezed state.

The calculation of entanglement entropy in scalar field theory in 3+1 dimensions
presents several technical difficulties. The usual discretization of the degrees of freedom,
which is also employed in the original calculation at the ground state [7], relies on the
expansion of the field in spherical harmonic moments. This is obviously a suitable choice
when we desire to introduce a spherical entangling surface. However, such a choice makes
it difficult to preserve a uniform density of the degrees of freedom. Therefore, an elegant
regularization scheme is required, so that both area and volume terms are detectable. On
the other hand, a uniform square lattice would solve this problem, but then the entangling
surface would not be smooth, giving rise to additional universal terms in the entanglement
entropy. For these reasons, we restrict here our attention to scalar field theory in 1+1
dimensions, where these problems do not appear, and leave the study of the 3+1 dimensional
system for future work.

The Hamiltonian of a free scalar field in 141 dimensions reads

H= %/dm le(:c) + (igp(az))Q + 1% ()| (6.1)

We discretize the degrees of freedom, introducing a uniform lattice in space as

T — ja,
p(z) = ¢j,
() 4 Pi+1 — Pj
0r  |y—jq a ’
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(N+1)a
/ dx — GZ' (6.2)
0

The discretized Hamiltonian that we obtain reads
1 X
2
H= =3 [7 + (o — i) + #2a’6] (6.3)
=0

where we set the boundary conditions ¢y = ¢n+1 = 0. We introduce this kind of boundary
conditions in order to avoid the existence of a zero-frequency mode. This Hamiltonian
describes N coupled harmonic oscillators, exactly as studied in section 4. Their Hamiltonian
is of the form (4.1), where the couplings matrix K is given by

Kij = 2 [(2 + ,u2a2) (52'7]' — (51'_:,_17]' — 5i,j+1} . (6.4)

In the following we use a lattice with N = 60. We furthermore consider the case of free
massless scalar field theory in 1+1 dimensions, i.e. we assume that g = 0. In all cases we
divide the system in two complementary subsystems; the first one contains the degrees of
freedom ¢; with 1 < j < n, and the second one those with n +1 < j < N. We indicate
the division of the degrees of freedom in these two subsystems by the number n. In our
calculations we set @ = 1, which is equivalent to measuring time in units of the UV cutoff
set by the lattice spacing.

We take advantage of the symmetry property of the entanglement entropy and we
always trace out the larger subsystem. This is required in order to apply the method
of section 4.6. Furthermore, this speeds up the numerical calculation, since the matrices
involved have the smallest possible dimension. Additionally, the required precision of the
numerical calculations is achieved more easily when making this choice. The required
precision can be high because the local nature of the couplings generates a hierarchy in the
eigenvalues of the matrix 3 [11]. As a result, an increase in the dimension of the related
matrices, not only increases the volume of the required calculations, but also the required
precision of them. Indicatively, our calculation, which includes at most 30 x30 matrices,
requires about 300 significant digits in order to estimate all eigenvalues accurately.

The overall system has N normal modes. The classical motion of the system when the
i-th mode is excited is given by

¢§i) (t) = Ag»i) sinw; (t — to) = A sin sinw; (t — to), (6.5)

g
(N+1)
where w; is the frequency of the i-th mode. In the following, we squeeze one or more of
these modes and study the entanglement entropy.

6.1 Squeezing a single mode

Following the example of the toy model of the two coupled oscillators, which we presented
in section 3, we first study the system lying in a state where only one normal mode is
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squeezed; the rest are put in their ground states. In this way, the time evolution of the
system is periodic, with period equal to half the period of the corresponding mode, and
thus its study is more transparent.

Figure 7 shows the entanglement entropy as a function of n for various times. Several
cases are presented, which differ with respect to the mode that has been squeezed. The
squeezing parameter is always the same. We observe the following:

e Squeezing generally increases the entanglement entropy in comparison to that in the
ground state. However, there are instants when the entanglement entropy is smaller
than that of the ground state for specific values of n. This is more easily visible in
the case that the first mode has been squeezed (top left panel of figure 7).

e The increase of the entanglement entropy by squeezing a single mode does not depend
strongly on which mode is squeezed, as long as the squeezing parameter is the same.

e The entanglement entropy is oscillating in time with a period half that of the corre-
sponding mode, as expected.

e The oscillation of entanglement entropy with time is generally more intense when a
mode with a smaller index has been squeezed.

e The pattern of the amplitude of the oscillation of the entanglement entropy as n
varies is interesting. It appears that this pattern is strongly related to the form of the
squeezed normal mode.

— The pattern has the form of a stationary wave with several nodes. There are
specific values of n, where the amplitude of the oscillation of the entanglement
entropy vanishes.

— The nodes of the entanglement entropy oscillation are twice as many as the nodes
of the squeezed mode.

— The nodes appear at n where

2inm
—— =0 6.6
oS N1 , (6.6)
where ¢ is the index of the squeezed mode. The nodes appear at locations where
the classical amplitude squared of the oscillation due to the squeezed mode is
half of the maximum. Nodes appear at all such locations except for the first and
last one. In other words, the k-th node is located at position

N+1
=T

2k+1), k=1,2,...,2(i—1). (6.7)

— The existence of the nodes justifies why the time dependence of the entanglement
entropy is suppressed when the squeezed mode is higher.
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Figure 7. The entanglement entropy as a function of n for various times when only a single mode
has been squeezed with squeezing parameter z = 3. The black dots correspond to the entanglement
entropy at the ground state of the system.
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Figure 8. The mean entanglement entropy as a function of n when squeezing a single mode with
squeezing parameter z = 3.

The dependence of the entanglement entropy on the shape of the squeezed mode is
visible on the mean entanglement entropy as well. Figure 8 depicts the mean entanglement
entropy as a function of n for various squeezed modes with the same squeezing parameter.
The mean entanglement entropy is always larger than that in the ground state of the
system, unlike the entanglement entropy at a given time. We also observe that the mean
entanglement entropy is about the same for the vast majority of the modes. Significant
differences appear only for the first and last modes. Notice that the curves corresponding
to the 11th mode, as well as the 51st mode are almost identical. All intermediate ones are
also almost identical, like the one corresponding to the 31st mode, which is also depicted.
This can be attributed to the relation between the pattern of entanglement entropy and the
shape of the squeezed normal mode that we pointed out above. The classical amplitudes of
oscillation of the first and last modes have a strong pattern: there are regions with large
and regions with small amplitudes. On the contrary, the classical amplitudes of oscillations
for most intermediate modes are more dispersed; thus the similar pattern of the mean
entanglement entropy.

The relation between entanglement entropy and the shape of the squeezed mode is also
supported by figure 9, which depicts the mean entanglement entropy as a function of the
index of the squeezed mode for several divisions of the system in two subsystems, indicated
by the integer n. Indeed the curves vary slowly, especially in the intermediate region. The
mean entanglement entropy does not depend strongly on which mode has been squeezed.

The mean entanglement entropy as a function of the order of the squeezed mode ¢ for
given n presents as many maxima as n. These maxima are almost equidistant. For example,
the mean entanglement entropy for n = 1 has a single maximum around ¢ = 30. This may
be attributed to the fact that the amplitude of oscillation Agi) of the first degree of freedom
has this kind of dependence on i. Equation (6.5) implies that

(Agl)) ~ sin’ ﬁ, (6.8)
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Figure 9. The mean entanglement entropy as a function of the index of the squeezed mode for
various divisions of the system to two subsystems indicated by the integer n. The squeezed mode
has always squeezing parameter z = 3.

i.e. indeed Agi) has a single maximum around ¢ = N/2. Similarly we can show that the
amplitude of oscillation of the n-th degree of freedom has n almost equidistant maxima, since

(Aff)f ~ sin’ (]\;ni—fl)’ (6.9)
which are as many as the maxima of the mean entanglement entropy.

We studied the dependence of the entanglement entropy on time and on the shape
of the squeezed mode. It remains to study its dependence on the squeezing parameter z.
Figure 10 depicts the mean entanglement entropy as a function of n for various values of
z and for a specific choice of the squeezed mode. We generally observe an increase of the
mean entanglement entropy as z increases. For small values of z, this increase changes the
shape of the curve as a function of n. Above some critical value of z, a further increase
appears to move the curve as a whole. Furthermore, the increase of entanglement entropy
appears to be proportional to the increase of z.

In order to clarify this behaviour, we depict in figure 11 the mean entanglement entropy
as a function of z for fixed values of n. For small z values, the increase of entanglement
entropy is quadratic in z and depends on n. However, after some critical z, this dependence
becomes linear and independent of n; all curves have the same slope asymptotically for
large z. Furthermore, this slope does not depend on which normal mode is squeezed. In
other words, for large z, when only one mode is squeezed

Sgg =cz+ O (ZO) , (6.10)

where ¢ depends neither on n nor on the order of the squeezed mode.
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Figure 10. The mean entanglement entropy as a function of n for various values of the squeezing
parameter z when a single mode has been squeezed.
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Figure 11. The mean entanglement entropy as a function of the squeezing parameter for various
divisions of the system to two subsystems indicated by the integer n when a single mode has
been squeezed.
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Our discretized version of 1+1 scalar field theory differs from the continuum field
theory in three ways: we have introduced a UV cutoff, an IR cutoff and Dirichlet boundary
conditions for the normal modes. As we discussed above, it appears that the dependence of
the mean entanglement entropy on which mode is squeezed is due to fact that modes are
stationary waves, and thus each mode excites the various degrees of freedom with different
amplitudes. We expect that this also happens in the continuum limit if we preserve Dirichlet
boundary conditions at some specific point, i.e. if we continue defining the theory in a finite
segment or in the infinite half-line. If Dirichlet conditions are abandoned, the normal modes
would correspond to travelling waves, which are characterized by identical amplitude of
oscillation for all degrees of freedom. Therefore, in free scalar field theory defined on the
continuous infinite line we expect that the mean entanglement entropy would not depend
at all on which mode is squeezed. This should also be a property of the discretized system
if periodic boundary conditions are adopted. In this case a mass should be introduced so
that a zero-frequency mode is avoided. This investigation is beyond the scope of this work.

6.2 Squeezing all modes

The large squeezing expansion that we presented in section 5 suggests that for large squeezing
we should expect that entanglement entropy is dominated by a volume term proportional
to the mean squeezing parameter. In the previous subsection, we studied the system
of discretized scalar field theory in 1+1 dimensions in a state where only a single mode
lies in a squeezed state, whereas all others lie in their ground state. For large squeezing
the entanglement entropy is dominated by a term that is proportional to the squeezing
parameter. However, this is not a volume term, but rather a constant term. This is not
contradictory to the large-squeezing expansion, which requires that the deviation of the
squeezing parameter of each mode from the mean is small, while we assumed that only one
mode is squeezed.

In order to understand the effect of strong squeezing, in this subsection we study a
system in which all modes lie in a squeezed state with the same squeezing parameter. The
time evolution of the overall system is much more complicated than in the case when only
a single mode has been squeezed. In general, the evolution is not periodic. In figure 12 we
show the entanglement entropy at random instants, as a function of the number n that
determines the division of the system in two subsystems. We present several cases, which
differ in the value of the common squeezing parameter. The initial phases for each normal
mode are unimportant. As they change at different rates, even if they are selected to be
initially equal, in due time they are more or less random. For this reason, the instants
displayed in figure 12 are completely random.

In this figure the black dots depict the entanglement entropy when all modes lie in
their ground state. The coloured dots depict the entanglement entropy at the state under
study, i.e. when all modes lie in a squeezed state with the same squeezing parameter.
Different colors correspond to different instants. Finally, the continuous black line depicts
the leading term of the large-squeezing approximation for the entanglement entropy, given
by equation (5.16), i.e.

Sgp ~ zmin (n, N —n). (6.11)
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Figure 12. The entanglement entropy as a function of n for various random instants when all modes
have been squeezed with the same squeezing parameter. The continuous black line corresponds to

the large squeezing approximation given by equation (6.11).
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Notice that the latter is time-independent and proportional to the volume of the smaller
subsystem.
We observe the following;:

e The entanglement entropy generally increases as the squeezing parameter increases.

e The entanglement entropy approaches the large-squeezing approximation formula as
the squeezing parameter increases.

e The variations of entanglement entropy with time decrease in comparison to the mean
entanglement entropy as the squeezing parameter increases. This is in line with the
fact that the leading term of the large-squeezing approximation is time-independent.

Figure 13 depicts the mean entanglement entropy as a function of n for various squeezing
parameters. The mean has been calculated as the average of 200 random times. The blue
dots depict the mean entanglement entropy. The black dots and the black continuous
line depict the entanglement entropy in the ground state and the leading term of the
large-squeezing expansion, as in figure 12. It is evident that the mean entanglement entropy
is dominated by a time-independent volume term when the squeezing parameter z is large.
This volume term is proportional to z.

In the continuum limit ¢ — 0, Na — L, i.e. the continuum limit with an IR cutoff equal
to 1/L, the large-squeezing expansion suggests that the dominant term of entanglement
entropy is

min (r, L —r)

Sgp = 240 (2, (6.12)

a
where 7 is the limit of the product na, i.e. the length of the first subsystem. The leading
volume term is UV divergent. If we remove the IR cutoff, defining the theory on the infinite
half-line, then

Spp =2+ 0 (2). (6.13)

a

In this scenario the one subsystem has length r and is attached to the end of the infinite
half-line.

The dominant term is not only proportional to the volume of the subsystem, but also
time-independent, even though the state of the system has non-trivial time dependence.
In order to clarify that the variations of entanglement entropy with time are reduced in
comparison to the mean entanglement entropy as the squeezing parameter increases, we
calculated the standard deviation of the entanglement entropy at n = 30 for 200 random
times, as a function of z. We found that the standard deviation approaches a finite limit as
z increases, whereas the mean entanglement entropy increases linearly with z.

7 Discussion

In this work we studied entanglement in coupled harmonic systems lying in squeezed states.
We managed to reduce the problem of the specification of the eigenvalues of the reduced
density matrix to a linear eigenproblem, in exactly the same fashion as in the case of a
harmonic system lying in its ground state [7] or a coherent state [15].
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Figure 13. The mean entanglement entropy as a function of n when all modes have been squeezed
with the same squeezing parameter. The continuous black line corresponds to the large squeezing
approximation given by equation (6.11).
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In an interesting way, the spectrum of the reduced density matrix conserves the same
structure as for the ground state or a coherent state. Let the number of degrees of freedom
of the considered subsystem be n. Then, the spectrum of the reduced density matrix
describing the subsystem is indistinguishable from the spectrum of an effective harmonic
system with n degrees of freedom, if each of its normal modes is lying in a thermal state at
an appropriate temperature. Notice that this is not a thermal state of the whole effective
system; each of its normal modes has a different temperature.

However, there are several important differences compared to the ground or coherent
state cases. First, the eigenstates of the reduced density matrix have suffered a non-trivial
deformation. Although they can be organized in a similar fashion to the Fock space of
an effective harmonic system, there is no real linear combination of the physical degrees
of freedom of the considered subsystem which can be identified as a normal coordinate.
This is due to the fact that the creation operators associated with this Fock space are
a linear combination of positions and momenta which are not conjugate to each other
(see appendix B). As a matter of fact it is quite difficult to derive explicit expressions in
coordinate representation for the whole set of eigenstates of the reduced density matrix,
although it is clear how to construct them iteratively. In other words, in the case of the
ground or coherent state of the overall system, the reduced density matrix is separable
and it can be written as the tensor product of density matrices that describe a linear
combination of the original degrees of freedom each. In the case of the squeezed state, the
reduced density matrix is separable, but it is written as a tensor product of matrices that
cannot be assigned to any real combination of the original degrees of freedom.

Second, the time evolution of the reduced density matrix, unlike the ground or coherent
state case, is non-unitary.

Finally, the spectrum of the reduced density matrix, and, thus, the entanglement entropy
is in general time-dependent. Although at a given instant the entanglement entropy may be
smaller than that at the ground state or a coherent state of the system, the examples that we
have investigated suggest that the mean entanglement entropy increases with squeezing. For
states in which all the modes are strongly squeezed, the mean entanglement entropy appears
to be time-independent and proportional to the absolute value of the squeezing parameter
and the number of degrees of freedom of the smaller subsystem (see equation (6.11)). A
large-squeezing expansion supports this conclusion (see section 5).

Page has shown that the entanglement entropy of an arbitrary quantum state is close
to the maximal possible entanglement entropy [16]. For systems where the local degrees of
freedom have a finite-dimensional Hilbert space, this bound on entanglement entropy as a
function of the number of degrees of freedom of the considered subsystem has a characteristic
concave form. It vanishes when the subsystem is null or coincides with the whole system,
while it is maximal when the subsystem contains half of the degrees of freedom of the
overall system. In the limit that the total system contains an infinite number of degrees of
freedom, this function tends to the union of two linear segments. If n and N denote the
number of degrees of freedom of the subsystem and overall system respectively, this curve
is approximately

Smax ~ min (n, N —n), (7.1)
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where the proportionality constant depends on the dimensionality of the Hilbert space of
the local degrees of freedom. This curve is of great importance. It has been connected to
the Page curve followed by the entropy of black hole radiation [17], which is a critical piece
of the information paradox. This relation has also been established within the framework
of holographic duality [22, 23].

Applying Page’s argument to the system of a scalar quantum field theory implies that
the entanglement entropy in an arbitrary quantum state should be proportional to the
number of degrees of freedom of the smaller subsystem, i.e. proportional to the volume of
this subsystem. One has to keep in mind that the Hilbert space of a local degree of freedom
in this case is infinite-dimensional, rendering the application of Page’s argument in scalar
field theory a little hazy. However, assuming that the scaling properties are preserved as we
take the limit of the dimension of the Hilbert space to infinity, Page’s argument contradicts
the seminal results of Bombelli and Srednicki [6, 7], which apply to the ground state, as
well as their generalizations to coherent states [14, 15]. These studies demonstrate that
entanglement entropy scales with the area of the subsystem and not its volume. In this
sense, the area-law property of entanglement entropy should be considered as a special
property of the most classical states of scalar field theory, i.e. of the coherent states.

In order to understand this issue, we applied our method to the system of free massless
scalar field theory in 1+1 dimensions. In agreement with the large-squeezing expansion that
we developed for an arbitrary harmonic system, we found that states where all modes have
been squeezed with large squeezing parameters give rise to entanglement entropy which is
dominated by a term proportional to the volume of the smaller subsystem, in agreement
with Page’s arguments. Furthermore, this volume term is time-independent, although the
state of the system has non-trivial time-dependence. This is consistent with a maximal
entanglement entropy bound in line with Page. We expect this behaviour to hold for scalar
field theory in higher dimensions, which will be the subject of future work.

We can speculate on the consequences of our results for the interpretation of gravity as
an entropic force attributed to quantum entanglement statistics. Such an interpretation is
supported by holographic calculations [4, 5]. However, there are more general arguments
that suggest how such an entropic force operates. In 1995 Jacobson argued that the dynamic
metric of a theory with two specific properties is subject to Einstein dynamics [1]. The
first property is the validity of a first law of thermodynamics. The second one is that
the entropies of the horizons are proportional to their area. In other words, the scaling
properties of entropy determine the gravitational dynamics. Entanglement is fertile ground
in which to realize such a mechanism. The entanglement entropy scales with area (at least
when the overall system lies in a coherent state) and also obeys a first law of entanglement
thermodynamics with the expectation value of the modular Hamiltonian.

Our investigation suggests that the only Gaussian states that give rise to entanglement
entropy dominated by an area law are the minimal uncertainty states, i.e. the coherent
states. There is no indication that this property extends beyond the Gaussian states. In
this spirit, our results imply that Einstein gravity emerges as a quantum entropic force only
when the overall system lies in a closest-to-classical state, i.e. in the ground or a coherent
state. When a more “arbitrary” quantum state is considered, the emergent dynamics will
be more complicated than Einstein gravity.
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As a final comment we point out that the squeezing of quantum states plays an
important role in early cosmology. During inflation, a momentum mode of a massless field
gets stretched by the rapid expansion. When the mode wavelength becomes larger than
the horizon, the scalar fluctuation loses its oscillatory form (it freezes) [24]. After horizon
crossing, the field can be viewed as a classical stochastic field, and its quantum expectation
value can be replaced by the classical stochastic average. The quantum properties of
the field are considered invisible in late-time observations, which focus on classical local
quantities [25, 26]. However, from a quantum mechanical point of view, the modes of the
scalar field evolve from a simple oscillator ground state to an increasingly squeezed state [27].
Quantum entanglement is a purely quantum non-local phenomenon that cannot be encoded
in the classical probability distributions. The squeezing of canonical modes increases the
entanglement between local degrees of freedom and is expected to increase the entanglement
entropy [28-35]. The techniques we presented in this work were employed in [36] in order
to compute the entanglement entropy resulting from tracing out local degrees of freedom
of a quantum scalar field in an expanding universe. It was shown that the entanglement
entropy grows continuously during inflation, as successive modes cross the horizon. The
resulting entropy is proportional to the total duration of inflation, and is preserved during
a subsequent era of radiation or matter domination. The emergence of a volume term in
the entanglement entropy as a result of squeezing was observed in [36] in the context of a
toy model in 141 dimensions, in agreement with our findings here.

Acknowledgments

The research of D.Katsinis was supported by FAPESP Grant No. 2021/01819-0. The
research of N. Tetradis was supported by the Hellenic Foundation for Research and Innovation
(H.F.R.I.) under the “First Call for H.F.R.I. Research Projects to support Faculty members
and Researchers and the procurement of high-cost research equipment grant” (Project
Number: 824).

A The dependence of entanglement on squeezing in the case of two os-
cillators

In the case of two oscillators, we have found simple formulae describing the entanglement
entropy as a function of the squeezing parameters and time. We can study them in order
to gain an intuition on how squeezing affects entanglement. In this appendix we present all
the details of this analysis, whose summary was presented in subsection 3.3.

Instead of searching for extrema of the entanglement entropy, it is easier to search for
extrema of the ratio r, which is defined as

- Re(v)+ 5 (A.1)

Re(y) — 8’
where v and f are given by equations (3.10) and (3.11). The entanglement entropy is a

strictly increasing function of r. It follows that extrema of r correspond to extrema of the
entanglement entropy.
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The ratio r is by definition always larger than 1. Using its definition, we can express
the entanglement entropy in a symmetric form, namely

S:ﬁ+lln<ﬁ+l>—ﬁ_1ln<ﬁ_1>. (A.2)

2 2 2 2

This expression is related to the calculation of entanglement entropy in terms of correlation
functions (see e.g. [38]).

Before presenting our analysis, let us first briefly review the case of the ground/coherent
state of the overall system, so we can use it as a basis for comparison. In this case the ratio

o = i <\/§ + \/E> . (A.3)

It is evident that rg and consequently the entanglement entropy depend only on the ratio

r is given by

of the two eigenfrequencies wy and w_. Furthermore, it is invariant under the interchange

w4 > w_. Let
w_

= —. A4
poi= (A.4)
Considering that pg > 1, the ratio r and thus the entanglement entropy are strictly increasing
functions of pg. The symmetry wy <+ w_ obviously implies that, when py < 1, & is a

strictly decreasing function of pg.

A.1 Squeezing a single mode

For simplicity let us first consider the case z_ = 0, i.e. we “squeeze” only the symmetric
mode. This is a more transparent case, since the time evolution of the parameter &, and
thus of the entanglement entropy, is periodic with period 7% /2 = 7 /w_..
In this case, the ratio r assumes the simple form
1 w?+w? w? — w?
r=_+-—"———Fcoshz, + ——F sinhzy sin 2w, t, (A.5)

2 dwyw_ dwyw_
which is manifestly positive and larger than 1, as required. This equation directly implies
that r is bounded between two values, r4,

2
R < s /”ﬁ?) , (A.6)
4 w_ Wy

It directly follows that the entanglement entropy is bounded between two values Sy that
are determined by r4 and equation (A.2). The value r is obtained at the instants when
sin 2w;t = 1, whereas the value r_ is obtained at the instants when sin2w t = —1. At
these instants the squeezed state is a minimal uncertainty state, i.e. AxzyAp; = h/2 (see
equation (2.12)). It follows that, at these instants, the symmetric mode is described by a
wavefunction that is indistinguishable from an appropriate coherent state of an effective
oscillator with eigenfrequency w,e**+. Recall that the spectrum of the reduced density
matrix when the system lies in a coherent state is identical to that when it lies in the
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ground state. Therefore, at these instants, the symmetric mode is effectively described by
the ground state wavefunction of this effective oscillator, at least as long as entanglement
is concerned.

As is evident from the above discussion, as well as the comparison of equations (A.3)
and (A.6), the two bounds on the entanglement entropy in the case of a squeezed symmetric
mode are identical to the entanglement entropies of two equivalent effective systems of
coupled oscillators at their ground state. The ratios of eigenfrequencies of each of these two
equivalent systems are

pt = poett. (A.7)

We assume that pg > 1 and z; > 0. It directly follows from equation (A.5) that ry > r_.
Therefore, the value of r; determines the maximal value of entanglement entropy, whereas
the value of r_ determines the minimal value of entanglement entropy.

Recalling the monotonicity of the relation between r and the ratio of eigenfrequencies
p for a system at its ground state that we analysed above, since pg > 1 and py > po,
the maximal entanglement entropy is larger than that at the ground state of the system,
Sp. As long as the minimal entanglement entropy is concerned, there is a change of the
qualitative behaviour as the squeezing parameter z, increases. As zy increases from zero
to positive values, the ratio p_ gets smaller, but it remains larger than 1 until the critical

squeezing parameter
w_

2o =In—. (A.8)
W4
As a result, the minimal entanglement entropy is smaller than Sy and a decreasing function
of the squeezing parameter. For z; = 2y the minimum entanglement entropy vanishes,
i.e. there are instants when the wavefunction of the system is separable. As the squeezing
parameter further increases, the ratio p_ further decreases and it is smaller than 1. As a
result, the minimal entanglement entropy becomes an increasing function of the squeezing
parameter z;. There is a critical value of the squeezing parameter z, which results in
p— = 1/po, namely
Zyac = 21n ©- 220, (A.9)
W
where the minimal entanglement entropy coincides with Sp.

For small values of the squeezing parameter, it is not difficult to show that the ratio r
and the entanglement entropy perform a sinusoidal oscillation around a mean value, and
also calculate this mean value. In particular, one can show that for z; <« 1 the ratio r
assumes the form

2 2 2
w_ —wy 2L wZ +wi 3
= 1 —— sin 2wyt + ———«— O . A.10
r 7‘0< +z+w7+w+sm wit + 5 w—l—w+>+ (z) ( )

For z; > 1 we obtain

2 2 2 2\ o
w? +wi + (w2 —wi)sin 2w, t 1
r= L ) et 4 24O (e (A.11)
Swiyw_ 2
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Substituting these expressions in (3.24) one can obtain the following expressions for the
mean entanglement entropy?”,4

_ (4 Ha%tgd 1
5’ _ SO 16 ( + 1_{(2) n§0> ) 24+ < ) (Alg)
%—l—%lnro—l—l—ﬂnl zy > 1.

Using the inequality > In (1 + x) one can show that the coefficient of zi in the
small z; expansion of the mean entanglement entropy is manifestly positive. Its minimal
value is equal to 1/8, and it is obtained in the limit £, — 1. This implies that the mean
entanglement entropy is increasing with squeezing for small squeezing parameters.

A.1.1 The mean entanglement entropy

In the special case we are studying, i.e. only the symmetric mode has been squeezed, it is
possible to derive an analytic formula for the mean entanglement entropy for an arbitrary
value of the squeezing parameter.

We begin by rewriting the entanglement entropy, which is given by (A.2), as

S = %ln <7“ ; 1) + /7 tanh ™ <\};> . (A.14)

We use the relatively simple expression (A.5) for r» and we split the entanglement entropy
into three terms as

1 1 w?+w?
51:—1n2+§ln <—2—|—Mcoshz+> 5 (A15)
2 2
1 Z;+:f sinh z4 ‘
Sy = 5 In |1+ P sin 2wyt |, (A.16)
—% + 4;+wj cosh z

S3 = /rtanh™! (\%) . (A.17)

3In order to perform this calculation the formula

27 Y]
QL/ dtln(1+asint) =1n %, la| < 1 (A.12)
71'
0

is required.

4Notice that the coefficient diverges in the wy = w_ limit. This is an artefact of the order of the limits,
i.e. the small z; limit and the degenerate limit do not commute. To see why this is the case, we turn to
the degenerate limit. For w; = w_ the parameter £ and the entanglement entropy simplify a lot. It is
straightforward to show that they read

2 24
§degenerate = tanh Z

and

z z . z . z
Sdegenerate = cosh? f In cosh? f — sinh? f In sinh? f

So, the entanglement spectrum of the reduced density matrix and the entanglement entropy change at will.
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The first term is constant, so S; = S;. We are left with the calculation of Sy and Ss.
To proceed, notice that

1 2 2 2 9 Cetz/2 _ F2/2\ 2
LT shay S T Y G, = (Y° wie (A.18)
2 dwyw_ dwyw_ 2,/wiw_

Thus the absolute value of the coefficient of sin 2w ¢ in (A.16) in smaller than one. Therefore,
Sy can be calculated directly by equation (A.12):

g _ 1 2| 1
Sp=gln |- +=. A.19
272 2 (wy + w_)2 sinh? % + (wy — o.)_)2 cosh? % 2] ( )

1 ‘(w+ +w_)?sinh? ZF — (wy —w_)” cosh? Z—*‘

We are left with the calculation of S3. We expand /7 tanh™%(1/,/r) and get

S i 11 1 (4.20)
3 ey _— 9 .
= 2k + 1% (1 4 esin 2w, t)"
where s o
w” —w
1 2 2 =+ ginh 2z
b= -+ % coshzy and c= 4w:2‘tw2 . (A.21)
2 Wyw_ 1+ oo + cosh z4

The integration can be performed using the formula

2w
! dt— " L p, (1/vVi=2), (A.22)

27 Jo (1+ csint)” a (1-— cz)k/2

where Py is the Legendre polynomial of order k, to obtain

1 k
= P A2
S3 ZQk—i—ly k—1(2) , (A.23)
k=0
where x and y are given by
. 1 2w;w_ —g (w? +w?) cosh z+’ (A.24)
V1—c? wi +w? +2wiw_coshzy

1 4W+W_
= = . A.25
YTWI—E e + (w? + w?) cosh z (A.25)

We separate the £ = 0 term, which is constant, to write

=1

Sy =1 MP (2). A.26
=1 Y g R (4.26)

We are unable to perform this summation directly. So we introduce a Schwinger parameter
and interchange the summation and integration, to obtain

_ 1 S
S3=1+ y/ dw Z w? (wa)k Py (z). (A.27)
0 k=0
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The summation can be performed using the generating function of Legendre polynomials to

arrive at

w2

_ 1
Sy=1+ / dw , A28
° Y 0 Vwly? —2yw?z + 1 ( )

or with a trivial change of variable

U}2

1 [V
S3—1+7/ dw .
VY Jo Vwt = 2wl + 1

Since we are calculating a physical quantity, the result should be real for all values of the

(A.29)

parameters. To verify this fact, recall that x > 1 and 1 > y > 0. The quantity under the
square root gets its minimum value for w = ,/y, while we have

2
wi 4+ w? — 2wyw_ cosh z4

2
- A.
w?r +w? ( 30)

y? =2y +1=

— 2w w_ cosh z4

Thus, the result is manifestly real for any value of the parameters. Setting x = coshu

we obtain e )
_ 1 Y w
’ Vi Jo Vw? — e~uy/w? — e ( )
We perform another change of the integration variable to obtain
_ et/2 Vyet/? e 2ug2
S3=1+— dw
’ VY Jo V1 — w21 — e~ 2uy?
w/2 r\fyet/? 1 V1 = e 2ug2
44 duw - — (A.32)
VY Jo V1 — w21 — e 2uq?2 V1—w?
w/2
=1+4¢ [F (sin_1 Vye'?, 6_2“) —F (sin_1 Vye'?, 6_2“)}

VY

where F' and FE are the incomplete elliptic integrals of first and second kind respectively,

“ is their elliptic modulus. The careful reader would have noticed that initially

and e~?
the sign of u was irrelevant, but we have treated e¢“ and e~ differently. Had we made the
opposite choice, we would have ended up with a symmetric formula. Of course, this result
can also be obtained using the transformations of the elliptic integrals under the inversion
of the elliptic modulus, which is required for consistency. In order to substitute the original
parameters we use

e*t/2w_ 4 e /20,

— 2 2 ’
e z4/ w_—|—ez+/ Wy

(A.33)

u = 1n

Gathering all the terms, i.e. the above result, along with (A.15) and (A.19), we obtain

‘w% sinh? 2 —wl cosh? 2+ wi sinh? 2+ wh cosh? s

- 1
S=-2In2+ =-1In
2 2w+w_

T () - P (),

(A.34)
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where w? = (wy +w_)?, w? = (wy —w_)* and
¢ =sin"! 2y k2 = e+ ez+/2w+ (A.35)
e*Z-&-/Qwi —+ ez+/2w+ ’ €z+/2w7 + e*Z+/2w+ ' ’

This expression for the mean entanglement entropy is an increasing function of the squeezing
parameter.

Notice that (A.34) is manifestly invariant under the interchange w4 <> w_ along with
z+ — —z4. Had we performed only one of these transformations, it would require the
transformation of the elliptic integrals under the inversion of the elliptic modulus to show
that (A.34) is indeed invariant. Equation (A.34) also explains why the small z; and the
degenerate w; = w_ limits do not commute. For w; # w_ in the small z; limit the quantity
inside the absolute value is negative, whereas for finite z, this quantity is positive in the
wy —w_ — 0 limit. On the contrary, in the large |z | limit this quantity is positive, just
like in the wy — w_ — 0 limit, thus these limits commute. Finally, the elliptic modulus
takes any positive value, but it is equal to 1 either for z, =0 or wy = w_.

A.2 Squeezing both modes

When both the symmetric and antisymmetric modes are squeezed, the parameter r equals

1 1
o= 3 3 cos @_ cos @4 sinh z_ sinh z;
+ (cosh z4 +sin @, sinh 2z ) (cosh z_ — sin®_ sinh 2_) — (A.36)
4w+
+ (cosh z_ +sin ®_sinh z_) (cosh z — sin @ sinh z) 7:4 ;
w_

where @ are the phases of the two modes, namely, ®1 = 2w, (t — tp+). Without loss of
generality, in the following we consider that z; and z_ are both positive. The introduction
of a negative squeezing parameter is equivalent to a shift of the corresponding phase & by
7. Furthermore, we assume that w_ > wy.

It is a matter of algebra to show that

- 1 | /coshzy +sin®, sinhzy /w—
r= — -
4 |y/coshz_ +sin®_sinhz_ /Wy

(+ ¢ —)]

- - 2
1 |y/coshzy + s%n D, s%nh 24 Jw= cos®_sinhz — (+ o )|
4 | \/coshz_ +sin®_sinh z_ ,/w

(A.37)

which implies that r is manifestly greater or equal to 1, as required.

Unlike the case where we had squeezed only the symmetric mode, the ratio r and
thus the entanglement entropy is not necessarily a periodic function of time. Actually it is
periodic if and only if the ratio of the eigenfrequencies of the two normal modes is rational.
In such a case, the phases ®. follow a one-dimensional closed path in the ®,®_ plane.
Otherwise, they follow an open trajectory, which in infinite time will cover the whole region
of possible (®,,®_) pairs, i.e. the two phases get arbitrarily close to any given pair of
admissible values at some instant. In this spirit, we search for the extrema of the ratio
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r, and thus of entanglement entropy, treating the two phases as independent, although
actually they are not; they are both given functions of time.

There are stationary points of the ratio  when the phases ® satisfy the equations®

(w? +w?) cosh zy — 2wyw_ cosh z¢

in®y sinh z4 = A.38
sin @4 sinh z4 F— , ( )
cos ®_sinh z_ = cos &4 sinh 2y, (A.39)
or
cos®, =cosP_ =0. (A.40)

Notice that the square of equation (A.39) is automatically satisfied if the two equations (A.38)
are satisfied. Equation (A.39) only specifies the relative sign of cos ®.

Equations (A.38) and (A.39) do not always have a real solution. This depends on the
values of the squeezing parameters. Demanding that [sin ®4| < 1 leads to

cosh (zi +1In w) > cosh zz > cosh (zi —1In w) , (A.41)
Wy Wy
ie.
zi—i—lnw—_ > zx > zi—lnw—_ (A.42)
W4 W4
or
w_
Zy +2z->In— > |z —2_|. (A.43)
W4

Whenever the above condition holds, equations (A.38) and (A.39) do have two solutions, both
corresponding to the ratio r being equal to 1. Actually, it is evident from equation (A.37)
that these are the only values of the phases ®4 where the ratio r can be equal to 1. Since
this is the minimal possible value of r, whenever these solutions exist, they provide the
global minimum of the ratio r.

Equations (A.40) have always 4 solutions in a trivial manner, namely

o, = ig, o_ = ig. (A.44)

They correspond to the following values of the ratio r

1 _
r (<I>+ = SJ“%’ o = 3_7r> =rs,s = cosh? [2 (s+z+ —s_z_+1In w) , (A.45)

2 W4

where the symbols s+ take the values +1.

5Notice that there is another mathematical solution, namely

(wi + w2_) cosh z+ + 2w w-— cosh z¢

sin ®4 sinh z4 =

wi — w2 ’
cos ®_sinh z_ = —cos 4 sinh 2.

However, it is unphysical, since for any values of the parameters it does not correspond to real &4 and ®_.
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In an obvious manner 7, _ is larger than 7, , r_ and r__. Therefore, ®, = 5 and
®_ = —7 is the position of the global maximum of the ratio r,

Tmax = T4—- (A46)

When 2z, < In z—; and z_ < In 5—; the smallest of the four ry s is r_. When the above
does not hold and z; > z_ the smallest is r__, whereas when z; < z_ the smallest
is 744. The smallest of the four r,, ,_ is the global minimum of the ratio r, whenever
condition (A.43) does not hold, i.e.

w—
1, zptz- >2Ing= >z — 2|,
w—
r—4, Z++z- <Iln =
T'min = ’ ZJF’ (A47)
rT__, Zy —2_ >IHE’
w—
Ty, 22— — 24 >11’1H

Since the value of the ratio r for the vacuum state of the two oscillators can be written
as ro = cosh? (% In Z—;), it turns out that the globally minimal value of the ratio r and thus
of the entanglement entropy coincides with that of the vacuum state if

|z4 —2-| =21In l (A.48)
W

The values of the phases @4 that correspond to the extrema ri4, namely &4 = +m/2,
are not arbitrary. When a phase takes one of these two values, the wavefunction that
describes the corresponding mode is a minimal uncertainty state with maximal or minimal
position uncertainty, respectively.

The fact that the ratio r is stationary when the two modes are both minimal uncertainty
states suggests that these are the times that contributions of squeezed modes to entanglement
are maximal. However, these contributions add when the two modes are in opposite phases.
When the two phases are equal, the contributions cancel each other, resulting in weak
entanglement. The quantity that receives negative or positive contributions directly equal
to the squeezing parameter of each mode at these instants is arccosh/r.

In the above we dealt with the two phases as independent variables. Actually, they
are not; they are both functions of time. As time flows, the system follows a specific one
dimensional trajectory within the two-dimensional space of the phases of the two modes.
The trajectory depends on the ratio of the frequencies of the two modes. Because of this
fact, the ratio r may present local minima or maxima with time, which do not coincide
with the theoretical minima and maxima ry;, and rnhax that we specified above. However,
the ratio r is always bound by these values.

B Algebraic construction of the reduced density matrix eigenstates

In section 4.4, we showed that the eigenfunctions of the matrix g, and thus those of the
reduced density matrix, form a tower of states, in many aspects similar to the tower of
eigenstates of a coupled harmonic system. Actually, we know that when the matrix 3 is real,
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the above statement is exact [7, 15]. It would be nice to construct creation and annihilation
operators which would relate the eigenstates of po in the same sense that they relate the
eigenstates of a coupled harmonic system.

However, we know that this cannot be that simple. For example, we know that the
“second excited” eigenstate of the reduced density matrix, which corresponds to different
eigenvectors of the matrix =, cannot be produced by the action of two “ordinary” creation
operators on the ground state, as we showed in section 4.4.3. In general, the required
operators have to be linear combinations of positions and momenta. They differ though
from the “ordinary” ones, as the combination of momenta that appears in one of them
cannot be the conjugate momentum of the combination of positions that appears.

Therefore, we search for annihilation operators of the form

A; = Ci, (0 + Agjzj), (B.1)

so that they annihilate the “ground” eigenstate W of py (4.36). These operators should act
on the “first excited” eigenstates Wy, which are given by equation (4.48), as

ATy, = 65,0, (B.2)

Introducing the notation (v,), = vf, equation (B.2) yields

1
V2

Bearing in mind that the eigenvectors of the matrix = are normalized so that

Cixvf = —=0is- (B.3)

vIRe (A) v =0 (Re (A)_1>M vg = 0ij, (B.4)
the above equation implies that
1 ik -1
Cir = \ﬁv" (Re (A) )nk (B.5)

Therefore, the annihilation operators A; and their Hermitian conjugates, the creation
operators Ag, read

A = ﬁvf{“ (Re (A)‘1>nk (O + ApmTm) , (B.6)
Al = ol (Re (A7) (01 + Afa). (B.7)

One can trivially show that A}L\Ifo = WUy;.
Let us study the commutation relations of the creation and annihilation operators. It
is a matter of algebra to show that

[4;, 4] = vir (Re (A)‘l)nk vl =6y, (B.8)
Ai, Ay = %vfj (Re()™) 7" (Re(A)™) [ — Al =0. (B.9)
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Let us assume that ¥ (x) is an eigenfunction of the matrix py with eigenvalue A, i.e.

P2V (x) = /dnx'ﬁQ (x;x') ¥ (x)

1 A (B.10)
= c/d"x’ exp [—2 (X X + X/TX/) +xTpx| U (X)) = A\ (x).
Differentiating this relation with respect to x; yields
n./ 1 1Tt T 5 / /
/d x' exp [—2 (x X+ x x) +x" x| al, ¥ (x')
(B.11)

_ % (B—l)km [0p T (x) + 2T (x)] .

The question that we would like to answer is whether the state AI\IJ (x) is an eigen-
function of the matrix po. If the answer is yes, then what is the corresponding eigenvalue?
It is a matter of algebra to show that

p2Al (x) = v (Re(A)7) |
X /d"x' exp [—; (x X + X/TX/) + X,TB)(:| (=0 + Ajmzi,) ¥ (x') . (B.12)

The right hand side contains two terms. We can perform by parts integration to the term
containing the derivative of ¥ (x),

1 N
/d”x' exp [ 5 (x X + X'TX') + X,TBX} oY (x')

~ 1 ~
= /dnx’\IJ (x") (x?€ - ﬁkga:g) exp [—2 (XTX + X’Tx’) + X/TBX] (B.13)
As n./ 1 1T 1T A / /
:—E,Bkga:glll(x)—i—/dxexp —§(x X+ x X)+X Bx xk\Il(x)

This implies that

pr AT (x) = %Uﬁ (Re (A)A)nk [Bkﬂe}\‘l’ (x)

(B.14)
1 ~
Finally, using equation (B.11) we obtain
po AT () = v, (Re (4) )
V2 " (B.15)

X | Brewe® (%) = (G = Af) (B71), [00% (%) + 249 (x)] -
) an

The defining property of the matrix A (4 41 d the definition of the matrix = (4.46)
imply that (I — .A%) (BT) = 3(I + A*)"' = 2*. Furthermore, we have shown that the
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matrix =/, defined in (4.53) is Hermitian. This implies that Re (A4) ™' 2% = 2TRe (4) ', As
a direct consequence, it follows that

(Re (A)’l)nk (S — AL, ) (B—l)fm = (E"Re (4) )

Recalling that the vector v; is an eigenvector of the matrix = with eigenvalue &;, the above

(B.16)

nt’

relation allows the re-writing of equation (B.15) as

Al (x) = \j\iv;
= \GAND (x)+\j§z}; (Re(A)™")  [0om—& G+ A7) (B71) ] Bmgxgxp((@ . |
B.17

Similarly to the algebra that we used in the previous step, the definition of the matrix
2 (4.46) implies that (I + .4*) 57! = (2%)~!. Furthermore, the fact that the matrix =’

-1
defined in (4.53), is Hermitian implies that Re (A)™' (2*)7' = (ET) Re(A)™'. Asa
direct consequence, it follows that

(Re (A)_l)nk [(Bke —§i5k2) zoW (x) —&i0R W (X)}

A

(Re()™Y) (G +AL) (B7) = ((ET>_1 Re (A)—1> . (B.18)

nm

Once again, recalling that the vector v; is an eigenvector of the matrix = with eigenvalue

&, we get
oh (Re (A)™)  [dm — & (Grr + A7) (B7) ]
_ B.19
_ ((Re (A)*l)nm —& ((ET) 1>nk (Re (“4)1>km] =0. i
This implies that equation (B.17) assumes the form
P Al (x) = AGATD (%) . (B.20)

We proved that if the state ¥ (x) is an eigenstate of the matrix po with eigenvalue A,
then the state AI\I/ (x) is also an eigenstate with eigenvalue A§;. Inductively, this means
that the states

()" ()™ o)

are normalized eigenstates of the matrix po with eigenvalues given by equation (4.68). The

\I}{ml,mm.--,mn} (X) = Uy (X) (B.Ql)

eigenstates of the reduced density matrix ps can be trivially found, recalling their relation
to the eigenstates of po, which is given by equation (4.33).

C A solvable example

In this appendix we analyse a solvable example, in order to clarify the properties of the
spectrum of the matrix M that we introduced in section 4.6, and furthermore to verify that
the asymptotic form of the eigenvalues of the matrix = for large squeezing parameters are
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indeed of the form that is predicted by the large squeezing expansion developed in section 5.
Let us consider the case that all modes lie in a squeezed state with the same squeezing
parameter z, and further assume that we study the system at a instant when the phase of
the oscillation of all modes is the same and equal to 0. In this case, we have

= <coshz - ztanhz) Q. (C.1)

Naturally, when z = 0, W = €, as in the usual ground state calculation.
It follows that the matrices v and 5 assume the form

1 . .
v = (COShZ — i tanh z) (70 + isinh 20)) , (C.2)
B = cosh zf, (C.3)

where 7y and [y are the matrices v and § in the case of the ground state. The first of the
two equations implies that
Y0 + Bo sinh? z
Re(y) = ———M—.
) cosh z

Finally, the above imply that the matrix M’, which defined in equation (5.11) and is

(C.4)

similar to the matrix M, assumes the form
A - 28 1Re (vy) —B~ 18T B ﬁ (ﬂo_l’yo + tanh? zI) —1I C5
B I 0 B I ' (C:5)
0
The eigenvalues of this matrix are
Bi cosh? z

1+ Bysinh? 2 /(1 = B;)(1 + B;cosh 22)

s = (C.6)

where Bl are the eigenvalues of the matrix 7, 13y. These eigenvalues come in pairs of the
form (X, 1/)), since \j;+A\;— = 1. The eigenvalues which are smaller than 1 are the \;;,
and, thus,

Bi cosh? z W 1
N (c.7)

1+ Bisinh? z + /(1 — B)(1 + B cosh 22) [ibucoha: |y

For |z| > 1 we have

(o1 2028) 1o (e21) (©8)

NG

This formula is in agreement with the large-squeezing expansion developed in section 5.
Similarly, for |z] < 1 we obtain

o
& =¢ (1 + i - ?0,,2> +0 (=), (C.9)

The correction to £ is always non-negative.
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D Entanglement entropy through Rényi entropies — a toy case

In section 4 we developed a method to calculate the entanglement entropy in harmonic
systems with an arbitrary number of degrees of freedom that lie in a squeezed state. It would
be nice if we could verify this method via an independent calculation in a non-trivial case.

There is an alternative method to calculate entanglement entropy via the so called
entanglement Rényi entropies. In this appendix we use this alternative method as a verifying
example in a special case that the reduced system contains two degrees of freedom and the
reduced density matrix is complex, but has a specific form.

Rényi entropies constitute a family of entropies which extend the notion of Shannon’s
entropy. For a probability distribution p;, the Rényi entropy of order a is defined as

. i - In (Zp?) . (D.1)

Shannon’s entropy is the limit @ — 1 of Rényi entropies, i.e.

Sy =

S = lim S,. (D.2)
a—1

As a direct generalization, we may define the entanglement Rényi entropies of order
a as
@ 1-a

In Trp§ (D.3)

and recover the entanglement entropy as the limit
Spp = lim SEE (D.4)

In the case we study, namely when the overall oscillatory system lies in a squeezed
state, we know that the reduced density matrix is of the form

1
p2 (x;x') = cexp [—2 ( Trx + X'T’y*xl) + XTBX'] , (D.5)

where v is a complex symmetric matrix, § is a Hermitian matrix. The normalization
1

constant is given by ¢ = (det Re(y— )/ 7rd> 2 where d is the number of degrees of freedom
of the reduced system.

It is not difficult to show that the powers of the reduced density matrix are of the
same form

1
Py (x;x') = ¢, exp [—2 (xT’ynx + X’Tfyf;X’) + xTﬁnx’} : (D.6)

where the matrices 7, are complex symmetric and the matrices f3,, are Hermitian. Obviously,

y1=7,p1=pFand c; =c.
The matrices vy, 8, and the coefficients ¢,, obey some recursion relations. It holds that

pSH (x;x") = /ddx/pg (x;x") p2 (x5 x") . (D.7)
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But,

1 1
Py (x;x') p2 (x';x") = cpcexp [—2 (XT'ynx + X”T’}/*XH) + §VT (v +7) v}
X (D.8)
X exp [—2 (x'+ V)T (v +7) (%' + V):| ,
where
v=(n+n" (Bx+px"). (D.9)
It directly follows that
1
2474 2 1
n+1 " T * —1 %
X;X') = — | ¢ —-lx - + X
P2 ( ) cpC <det (’y:; n ’7)) XPp [ 9 ( (’Yn Bn (’Yn ’V) Bn) (D'lo)
FXT (3= 8 () B) ) T (04 ) B
The fact that ph*! is Hermitian implies that
Vo= B (A7) By =7 = B +7) 7 B, (D.11)
B (i +) " B= B +7) " Bas (D.12)

The recursive relations for ~,, 5, and ¢, can be directly read from the expression of the
matrix p5 " (D.10). They read

Yat1 =7 = B+ B, (D.13)

5n+1 =p ('Vn + ’7*)71 Bn, (D.14)
2d7rd %

Cpn+1 = CpC <C]W> . (D15)

We have shown that the imaginary part of the matrix v does not affect the eigenvalues
of the reduced density matrix. It only alters its eigenstates in a trivial way. Therefore,
without loss of generality we may assume that the matrix 7 is a real symmetric matrix. Of
course, the matrices 7,, n > 1 may still be complex symmetric matrices. This assumption
simplifies the recursive formulae,

Tn+1 :’V*B(’Vn+7)il 5*7 (D16)
Brny1 =8 ('Yn + 7)_1 Brs (D-17)
2dﬂ.d 2
ntl = CpC | —————m | . D.1
ot cc<det(wi+v)> (D19)
We define
B=r"3py73, (D.19)
. _1 1
A =772y 7, (D.20)
B =" Bay 3. (D.21)
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Using these definitions, the recursive formula (D.16) assumes the form
A1 =1 — B (I + ’AVn)_l B* (D.22)

The initial condition for this recursive relation is obviously ~; = y, which implies 4; = I.
Similarly, the recursive formula (D.17) assumes the form

The initial condition for this is simply 81 = S, which implies that Bl = 5’ Finally, the
recursive relation (D.18) can be written as

1
1 A\ N\ 2
9drd 2 2¢det (1 — Ref3
Cnt1 = CnC < T > =c, ( ( ) . (D.24)

detydet (I +4;) det (I +4;)

In the case that the matrix B is real, e.g. when the overall system lies in the ground
state, all matrices %, and Bn are functions of a single matrix, namely of B, and these
recursion relations can be solved as recursion relations for numbers. Their solution leads to
simple explicit formulas for the entanglement Rényi entropies and the exact same formula
for entanglement entropy found in [7]. However, in our case of study the recursion relation
for 4, contains the two matrices B and B*, which in general do not commute.

However, the above formulae can be solved in a special case, where the matrix B is
complex. Assume the case where the reduced system contains two degrees of freedom and

B = Bol + B202. (D.25)
Let us define the eigenvalues of the matrix B as
A1 =Bo+ B2, A2 = Bo— e (D.26)
In an obvious manner,
BB* = (83— B3) I = Mol = det BI. (D.27)

Since the initial condition for the recursion relation for 4, (D.22) is 43 = I, it follows
that this recursion relation has the trivial solution

An = and, (D.28)

where the coefficients a,, obey
det g
14+a,

(D.29)

An+1 = Qp +

This recursion relation has the solution

an:\/l—detﬁitgz, (D.30)
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which implies that

%z\/ldetBT_FEZL (D.31)
1—14/1—detj (0.5

N

14+14/1—detp

where

&=

The above form of the matrices 4,, implies that
1 1—¢n

I.
~1 _ en+1
14+ /1—det gl —€""

The recursion relation for 3, (D.21), combined with equation (D.33), implies that

(I+4n) " = (D.33)

B = ! L=C gn. (D.34)

(1+imaas) 1

It is not difficult to show that

A 1 1
B =5 O+ M) T+ 5 (A = X5) . (D.35)

A

We may define a sequence of matrices I'y,, so that

1

Cn = c (det fn) 2. (D.36)

In an obvious manner, the determinants of these matrices should obey the recursion relation

1
. . 27 det (1 — Reﬁ) 2
detI'y,41 =det’,
etnt = Ae det (1 + )

(D.37)

and the initial condition detT; = 1. A simple way to satisfy this is to find the sequence of
matrices that obey the recursion relation

T =2 (1 - ReB) (I+4n)" "I (D.38)
and the initial condition I'; = I. This equation combined with (D.33) directly implies that

_1-5 2(1— Bo) 1—51

T, 1T (D.39)
(1 +4/1 —detB)
The trace of p§ is simply
1
n d,, n ﬂ-d >
Trpy = /d xpy (X;X) = ¢ det (3 —Redy) ) (D.40)
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Using the definitions (D.19), (D.20) and (D.21), as well as the definition (D.36), we find

1
0 det (I — Reﬁ) detT),\ 2
Trpy = ( ot (f% - ReBn) ) . (D.41)

Using the form of the matrices 4,, 8, and T, from equations (D.31), (D.34) and (D.39)
and putting everything together yields

Trpl = (2= =) (D.42)
2 A VI A T+ (L= VI A = AT — AT
The Renyi entanglement entropy is defined by equation (D.3). It reads
2 _ a
SEB — ! (2= =) (D.43)

T VT (- VA A -
The form of the trace Trp§ clearly implies that lim,,_,; Trp5 = 1, as expected. It follows that

JTrps
n

n—1

It is a matter of algebra to show that

1
Sep=1n(2— A1 — Ag) — AJ—AllnAl—AglnAQ

2 A —
+ (1 . AIAQ) In (1 . Alxg) (D.45)
+ (14 VT=20) In (14 VT= k) }

or

1
SEEZIH(2—)\1—)\2)— AQ[—)qul)q—x\leAg

2—X -

1+ A1
In (AMA2) + V1= Al
+1n (M A2) + 12H m]

(D.46)

In order to verify that this result is consistent with the general method that we developed

in section 4, we need to solve the non-linear eigenvalue equation of the eigenvalues of the
matrix M, namely

det (€257 — 261 + ) =0, (D.47)

In our example, the matrix 3 is given by equation (D.25). The above equation gives
det (€280 — 26+ Bo) T+ o (—€2 +1) 02) = 0. (D.48)

This reads ) )
(€2ﬁo — 26+ Bo) — B3 (—52 + 1) =0 (D.49)
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or
(€3 =26+ (€h2 =264+ 1) =0. (D.50)

The last equation has four solutions,

1£vV1—XA 1+V1I—=AA
E=—""T"7""=¢614, or {=——"—— =64, (D.51)
)\1 )\2
These indeed form two pairs of solutions that are inverse to each other. Namely &4 = 1/&5—
and o4 = 1/&_. The solutions that are smaller than 1 are the solutions £ and &_. It

follows that the entanglement entropy reads

§2
1— &

§i-

1— &

SEE =—1In (1 - 51_) - lnfl_ —In (1 - 52_) - ln§2_. (D52)
It is a matter of tedious algebra to show that the above expression is identical to equa-

tion (D.46).

E Entanglement in terms of correlation functions

For Gaussian states there exist an alternative method for the calculation of entanglement
entropy based on correlation functions [38], see also [9]. This method is based on the fact
that for Gaussian states the correlation functions are expressed as products of 2-point
functions. Therefore, specifying a modular Hamiltonian that reproduces the correct 2-point
functions guaranties that this is indeed the modular Hamiltonian corresponding to the
particular density matrix. Via this process the spectrum of the modular Hamiltonian is
related to the eigenvalues of the correlation functions. In the case of the vacuum, the matrix
W appearing in (4.24) (in which case W = €, where Q is the frequency matrix) is real. The
matrices v and 3 are real as well. One can show that®

_ Q! Qc —1
g = el 1 (B.1)
QHeQe+1
To derive this relation one has to observe that
—1
_ a_ _oTo-1 _ -1
V+B8=0, -B=0-053'0s=((07"),) . (E-2)

where the last equation is a property of the Schur complement Q¢ — QEQZIQB. This
property enables us to use directly blocks of the matrix Q~!, such as (971)0’ rather than
the inverses of blocks of €2, such as Qzl. Using the fact that  and Q! are the momentum

SIn this section we use a slightly different notation for the blocks of a matrix @, namely

_ (Qa QB
Q“(QE Qc>'
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and position 2-point functions respectively, more specifically

_ _ ] 1 -1
Xij = (i) = Tr[xsxip) = 3 (Q )ij, (E.3)
1
Iij = (mimj) = =Tr [0;0;p] = §Qija (E.4)
. 1
<$i7rj> = —iTr [xiajp] = 5(5@', (E5)

we relate the spectrum of the reduced density matrix to the spectrum of the matrix XolIlo.
In particular, the eigenvalues of the matrix = are given by

1
_ M7
&= AL (E.6)
where A; are the eigenvalues of v/ XcIlc. As a final remark, in order to be on the same
page, we remind the reader that one may calculate the correlation functions for the overall
system and then restrict the indices to the subsystem under consideration. This is denoted
by the index C.

After this short introduction let us turn to the case of interest. The vacuum state is
characterized by the fact that (x;7; + mjz;) = 0, which of course is equivalent to Re (z;m;) =
0. The method based on the correlation functions can be generalized appropriately for
Re (z;m;) # 0. One considers the matrices

(imy)" (mimj) ~-10
and calculates the eigenvalues of iJRe(M), see for instance [20, 39-41].
It is easy to show that

(wijz;) = Tr[xiz;p] = % (Re (W)_l) . (E.8)

ij

In a similar manner, one can show that

(mom;) = —Tr [0,0;] = % [Re (W) + Tm (W) Re (W)~ m ()] (E.9)

and
(i) = —iTr [2;0;] = % [il = Re (W) ' Im (W)]U : (E.10)
(mji) = —iTr B0 = —% i1+ Re (W)~ T (W) (B11)

Using these correlation functions the matrix iJRe(M) reads

(E.12)

iJ Re(M) = % <_Im (W)Re (W)™! Re (W) + Im (W) Re (W) ™' Im (W)) |

—Re (W)™ ! Re (W)™ Im (W)

Unfortunately, we are not able to find a direct relation between the matrix M, defined
in (4.80), and the matrix ¢J Re(M) or its blocks. So, the best we can do is to show that
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we obtain the same spectrum, by relating the characteristic polynomials of the matrices.
The characteristic polynomial of the matrix iJRe(M) is

det (iJ Re(M) — AT) = det ((Re(W)_l)C)
det {AQ ((Re(W)*l)C)_lfi (Re(W)CHm(W)g (Re(W)A)*Im(W)B)
(o)) o) mon,
— (W)} (Re() ™) ((Re(W)_l)C)lﬂ :

(E.13)
where we used the fact that
_ _ _\T _ -1 _
(Re (W),) " = (Re (W) 1)A ~ (Re (W) 1)3 ((Re (W) 1)0) (Re () 1)3. (E.14)
Similarly, it also holds true that
((Re(W)™) )" = Re(W)e — Re (W) (Re (W) )" Re (W) 5. (E.15)
Defining A = %% we obtain
det (iJ Re(M) — AI) = 0 = det <M2 — %Mo - 41>\M0T) =0, (E.16)
where 1
Mz =Re(W)q — oRe (W)5 (Re (W) 4) "' Re (W) E17)
1 B .
+ T (W) (Re (W) )™ Tm (W) = Re (7)
and
Mo =0l (Re(W),) 7' Qp +i (Mo~ M) =26 +i (Mg - M), (B18)
with

My =1m () [ (1~ (Re(2) ")  Re (2)];) (Re (2),1) " Re ()
+ (Re (Q)_l)BRe (@] (B.19)
The trivial relation Re ()" Re (€2) = I implies that
(Re (m—l)A Re (), + (Re (Q)—l)B Re ()L =1, (E.20)
(Re (Q)’l)A Re () + (Re (Q)’1>B Re (), = 0. (E.21)

Thus, M|, vanishes and we arrive at

det (iJ Re(M) — AI) = 0 = det <2Re (v) = A8 — }\BT) =0, (E.22)
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3
A+se
functions and the direct calculation, see (4.82), result in the same spectrum. Also, notice

where A = As a result, we have shown that the method based on the correlation
that the eigenvalues of the matrices used in these methods are related in the same way as
in the case of the vacuum, see (E.6).

Interestingly enough, we can relate the admissible eigenvalues of M to the eigenvalues
of another matrix. It can be shown that the matrix M is similar to another matrix with
the same structure, namely

! _ 25711:{6(7) _57151“
= (2700 247, -

Since M and M’ are related by a similarity transformation, they share the same spectrum.
The eigenvalues we are interested in are the solutions of the equation

det(M’—/\I)—¥det ARe ( )—ﬁﬂ—lﬁT =0 (E.24)
= det (—8/2) ST e '

It is a matter of algebra to show that

det <)\Re (v)— );ﬁ— ;ﬁT> —

— T —
det l)\Re(C)— (H;\Re (B)+i1 AIm(B)) Re(A)™* <1—£)\Re (B)—zl AIm(B)ﬂ
(E.25)
As a result, we obtain
, Re (A) #ARe (B) — i152Im (B)
det (M’ — M) o det (13)‘1:{6 (B) + i m (B) 2 \Re (C)2 ) (E.26)
det (M — M) o det llg)\Re (W) — % (_;IIZT ((2))T 111;1 ((5))” . (E.27)

Thus, the eigenvalues of the matrix M, denoted by ), are related to the eigenvalues A of
the matrix M, where

- _1{ —Re(4) ilm(B)
M =Re (W)™ ! (_ﬁm (B) Re( C)> , (E.28)
via the equation .
A—1

Notice that the matrix M is N x N, thus we have introduced spurious eigenvalues. However,
there is also an advantage. Recall that the approach based on the matrix M works only
when we trace out the larger subsystem and we have to rely on the fact that entanglement
entropy satisfies S4 = S o for pure states. The calculation based on M works in both
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cases: either when we trace out the larger subsystem or the smaller one. One has to pick
out the admissible eigenvalues, i.e. the ones that are larger than 1.

In the vacuum case, in which case Im (B) = 0, the structure of the eigenvalues is as
follows: for n < N/2 the eigenvalues have the structure i = :l:%Ai, which gives in total
2n eigenvalues, along with N — 2n eigenvalues which are equal to 1. When n > N/2 the
eigenvalues have the structure \; = :l:%Ai, which gives in total 2(IN — n) eigenvalues, along
with 2n— N eigenvalues which are equal to —1. This structure implies that the full spectrum

of M contains the eigenvalues of both —4/ Qle 4 and \/Qalﬁc. Of course this is expected
by comparing (E.29) and (E.6).

F Small-squeezing expansion

Similarly to the large squeezing expansion that we presented in section 5, we expand the

parameter w as a series in the squeezing parameter. This reads
w=w —iwze 2 4 O (22) . (F.1)

The zeroth order term is real, time-independent and equal to the eigenfrequency of the
mode. Unlike the case of the large squeezing expansion, all terms in the expansion of w
(apart the zeroth order one) contain both a real and an imaginary part. We will use a
similar notation to that we used in section 5.

Equation (F.1) implies that the matrix W has an expansion of the form

W=> 2w, (F.2)
=0

where W) are in general complex. It follows that its blocks have a similar expansion and
the same holds for the matrices v and 3,

y=>3 299, (F.3)
=0

8= i 2130, (F.4)
=0

In all these expansions, the small squeezing parameter z may be the squeezing parameter of
a single mode or even a small parameter in terms of which the small squeezing parameters
of all modes can be expressed.

We would like to perform textbook first order perturbation theory to the spectrum of
the matrix M. This would be simpler if the matrix M were Hermitian, at least at zeroth
order, so that its eigenvectors are orthogonal. Actually, we can find a matrix M , which is
similar to M and Hermitian. This reads

- (w(o))l/2 0 (7‘0))1/2
M—<é+ I+> , (7(0)>1/2 M’ . (7(0))1/2 <E+ 7
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R —1/2 —-1/2 N 4 N
where 5 = (fy(o)> / (6(0)) (,Y(o)) / and 24 = Ii‘%ﬁ? Trivially M shares the same

eigenvalues with M’, which is similar to M and is defined in (5.11). Given that
I &\ B (B -T
(& ~+> _ _ (“— 2 )7 (F.6)
—t I 2 /I _ /82 _I —

MO = (; 0 ) (F.7)

we obtain
0 =y4.

The matrix M© is not only Hermitian but also block-diagonal and its eigenvectors are
trivially constructed from the eigenvectors of B Let z; be the eigenvectors of the matrix B
with corresponding eigenvalues equal to Bi, ie.

Ba; = Bi;. (F.8)

Then, there are two kinds of eigenvalues and eigenvectors of the matrix MO, namely

. 0 ) s Bi
0 = , with eigenvalues \; = ————, (F.9)
(9% 1+/1- 57
o = <x2> ,  with eigenvalues M\, = LA (F.10)
0 o

As expected the eigenvalues come in pairs of the form (A, 1/)). Indeed, \;A; = 1. The
eigenvalues that are smaller than 1 are the ones corresponding to eigenvectors of the first
kind, namely the A;. Indeed, they coincide with the values of the parameters £ in the
original calculation by Srednicki [7]. Notice also that the matrix A is real and symmetric,
and thus its eigenvectors x; are real.

It is a matter of algebra to show that

e (L ).
where
) =94 (Re (@(1)) _ 3(1)34) : (F.12)
Ny = 2if~"m (30) (F.13)
and
5 — (7(0))‘1/27(1) (7(0))‘1/27 (F.14)
BO = (yO) T g0 ()7 (F.15)

Now we can apply perturbation theory to find the eigenvalues of the matrix M at first
order. Considering that & = 51-(0) + zfl-(l) + O (2?), and assuming that the zeroth order
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eigenvectors of the matrix M have been defined so that they are normalized, the fi(l) are
given by the usual first order perturbation theory formula 51-(1) =07 M®3;, which yields

fi(l) _ ;%T (Re (fy(l)) _ B(l)B;1 +4iIm (B(l)>> T;. (F.16)

VI — 52

Since Im (B(l)) is antisymmetric, the above expression simplifies to

el ;%‘T (Re @u)) ~ Re (3(1)) 3;1) . (F.17)

NI

This implies that the entanglement entropy at a given time contains corrections which are
first order in z, namely

Ser =SS+ >

(2

OSEE
&

1) 2
(e® & ) z+ 0 (z ) . (F.18)

However, this is not the case for the mean entanglement entropy. The quantities fi(l) depend

—2Wwt as it results from equation (F.1). However, they are real, therefore

linearly on iwe
they depend linearly on a combination of cos (2wt) and sin (2wt). As a result, the mean
value of fl-(l) vanishes and so does the correction of the mean entanglement entropy at first
order. It follows that the ground state is a stationary point for the mean entanglement

entropy within the space of squeezed states.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] T. Jacobson, Thermodynamics of space-time: The Einstein equation of state, Phys. Rev. Lett.
75 (1995) 1260 [gr-qc/9504004] [INSPIRE].

[2] M. Van Raamsdonk, Building up spacetime with quantum entanglement, Gen. Rel. Grav. 42
(2010) 2323 [arXiv:1005.3035] [INSPIRE].

[3] T. Jacobson, Entanglement Equilibrium and the Einstein Equation, Phys. Rev. Lett. 116
(2016) 201101 [arXiv:1505.04753] [INSPIRE].

[4] N. Lashkari, M.B. McDermott and M. Van Raamsdonk, Gravitational dynamics from
entanglement ‘thermodynamics’, JHEP 04 (2014) 195 [arXiv:1308.3716] [INSPIRE].

[56] T. Faulkner et al., Gravitation from Entanglement in Holographic CFTs, JHEP 03 (2014) 051
[arXiv:1312.7856] [INSPIRE].

[6] L. Bombelli, R.K. Koul, J. Lee and R.D. Sorkin, A Quantum Source of Entropy for Black
Holes, Phys. Rev. D 34 (1986) 373 [INSPIRE].

[7] M. Srednicki, Entropy and area, Phys. Rev. Lett. T1 (1993) 666 [hep-th/9303048] [iINSPIRE].

[8] P. Calabrese and J.L. Cardy, Entanglement entropy and quantum field theory, J. Stat. Mech.
0406 (2004) P06002 [hep-th/0405152] [INSPIRE].

— 67 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevLett.75.1260
https://doi.org/10.1103/PhysRevLett.75.1260
https://arxiv.org/abs/gr-qc/9504004
https://inspirehep.net/literature/394001
https://doi.org/10.1142/S0218271810018529
https://doi.org/10.1142/S0218271810018529
https://arxiv.org/abs/1005.3035
https://inspirehep.net/literature/855413
https://doi.org/10.1103/PhysRevLett.116.201101
https://doi.org/10.1103/PhysRevLett.116.201101
https://arxiv.org/abs/1505.04753
https://inspirehep.net/literature/1370675
https://doi.org/10.1007/JHEP04(2014)195
https://arxiv.org/abs/1308.3716
https://inspirehep.net/literature/1249622
https://doi.org/10.1007/JHEP03(2014)051
https://arxiv.org/abs/1312.7856
https://inspirehep.net/literature/1275672
https://doi.org/10.1103/PhysRevD.34.373
https://inspirehep.net/literature/228355
https://doi.org/10.1103/PhysRevLett.71.666
https://arxiv.org/abs/hep-th/9303048
https://inspirehep.net/literature/353591
https://doi.org/10.1088/1742-5468/2004/06/P06002
https://doi.org/10.1088/1742-5468/2004/06/P06002
https://arxiv.org/abs/hep-th/0405152
https://inspirehep.net/literature/650602

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

H. Casini and M. Huerta, Entanglement entropy in free quantum field theory, J. Phys. A 42
(2009) 504007 [arXiv:0905.2562] [INSPIRE].

P. Calabrese and J. Cardy, Entanglement entropy and conformal field theory, J. Phys. A 42
(2009) 504005 [arXiv:0905.4013] INSPIRE].

D. Katsinis and G. Pastras, An Inverse Mass Expansion for Entanglement Entropy in Free
Massive Scalar Field Theory, Eur. Phys. J. C 78 (2018) 282 [arXiv:1711.02618] [INSPIRE].

D. Katsinis and G. Pastras, Area Law Behaviour of Mutual Information at Finite Temperature,
arXiv:1907.04817 [INSPIRE].

D. Katsinis and G. Pastras, An Inverse Mass Expansion for the Mutual Information in Free
Scalar QFT at Finite Temperature, JHEP 02 (2020) 091 [arXiv:1907.08508] [INSPIRE].

E. Benedict and S.-Y. Pi, Entanglement entropy of nontrivial states, Annals Phys. 245 (1996)
209 [hep-th/9505121] [INSPIRE].

D. Katsinis and G. Pastras, Entanglement in harmonic systems at coherent states,
arXiv:2206.05781 [INSPIRE].

D.N. Page, Average entropy of a subsystem, Phys. Rev. Lett. 71 (1993) 1291 [gr-qc/9305007]
[INSPIRE].

D.N. Page, Information in black hole radiation, Phys. Rev. Lett. 71 (1993) 3743
[hep-th/9306083] [INSPIRE].

J. Eisert, M. Cramer and M.B. Plenio, Area laws for the entanglement entropy — a review,
Rev. Mod. Phys. 82 (2010) 277 [arXiv:0808.3773] [INSPIRE].

E. Bianchi, L. Hackl and M. Kieburg, Page curve for fermionic Gaussian states, Phys. Rev. B
103 (2021) L241118 [arXiv:2103.05416] [iNSPIRE].

E. Bianchi, L. Hackl and N. Yokomizo, Entanglement entropy of squeezed vacua on a lattice,
Phys. Rev. D 92 (2015) 085045 [arXiv:1507.01567] INSPIRE].

G. Adesso, S. Ragy and A.R. Lee, Continuous variable quantum information: Gaussian states
and beyond, arXiv:1401.4679 [DOI:10.1142/51230161214400010].

G. Penington, Entanglement Wedge Reconstruction and the Information Paradox, JHEP 09
(2020) 002 [arXiv:1905.08255] [INSPIRE].

A. Almbheiri, N. Engelhardt, D. Marolf and H. Maxfield, The entropy of bulk quantum fields
and the entanglement wedge of an evaporating black hole, JHEP 12 (2019) 063
[arXiv:1905.08762] [iNSPIRE].

V.F. Mukhanov, H.A. Feldman and R.H. Brandenberger, Theory of cosmological perturbations.
Part 1. Classical perturbations. Part 2. Quantum theory of perturbations. Part 3. Extensions,
Phys. Rept. 215 (1992) 203 [InSPIRE].

A. Albrecht, P. Ferreira, M. Joyce and T. Prokopec, Inflation and squeezed quantum states,
Phys. Rev. D 50 (1994) 4807 [astro-ph/9303001] [INSPIRE].

D. Polarski and A.A. Starobinsky, Semiclassicality and decoherence of cosmological
perturbations, Class. Quant. Grav. 13 (1996) 377 [gr-qc/9504030] [INSPIRE].

L.P. Grishchuk and Y.V. Sidorov, Squeezed quantum states of relic gravitons and primordial
density fluctuations, Phys. Rev. D 42 (1990) 3413 [INSPIRE].

— 68 —


https://doi.org/10.1088/1751-8113/42/50/504007
https://doi.org/10.1088/1751-8113/42/50/504007
https://arxiv.org/abs/0905.2562
https://inspirehep.net/literature/820615
https://doi.org/10.1088/1751-8113/42/50/504005
https://doi.org/10.1088/1751-8113/42/50/504005
https://arxiv.org/abs/0905.4013
https://inspirehep.net/literature/821276
https://doi.org/10.1140/epjc/s10052-018-5596-4
https://arxiv.org/abs/1711.02618
https://inspirehep.net/literature/1634902
https://arxiv.org/abs/1907.04817
https://inspirehep.net/literature/1743195
https://doi.org/10.1007/JHEP02(2020)091
https://arxiv.org/abs/1907.08508
https://inspirehep.net/literature/1744637
https://doi.org/10.1006/aphy.1996.0007
https://doi.org/10.1006/aphy.1996.0007
https://arxiv.org/abs/hep-th/9505121
https://inspirehep.net/literature/395233
https://arxiv.org/abs/2206.05781
https://inspirehep.net/literature/2095024
https://doi.org/10.1103/PhysRevLett.71.1291
https://arxiv.org/abs/gr-qc/9305007
https://inspirehep.net/literature/354244
https://doi.org/10.1103/PhysRevLett.71.3743
https://arxiv.org/abs/hep-th/9306083
https://inspirehep.net/literature/355396
https://doi.org/10.1103/RevModPhys.82.277
https://arxiv.org/abs/0808.3773
https://inspirehep.net/literature/847981
https://doi.org/10.1103/PhysRevB.103.L241118
https://doi.org/10.1103/PhysRevB.103.L241118
https://arxiv.org/abs/2103.05416
https://inspirehep.net/literature/1872837
https://doi.org/10.1103/PhysRevD.92.085045
https://arxiv.org/abs/1507.01567
https://inspirehep.net/literature/1381515
https://arxiv.org/abs/1401.4679
https://doi.org/10.1142/S1230161214400010
https://doi.org/10.1007/JHEP09(2020)002
https://doi.org/10.1007/JHEP09(2020)002
https://arxiv.org/abs/1905.08255
https://inspirehep.net/literature/1735792
https://doi.org/10.1007/JHEP12(2019)063
https://arxiv.org/abs/1905.08762
https://inspirehep.net/literature/1735823
https://doi.org/10.1016/0370-1573(92)90044-Z
https://inspirehep.net/literature/303063
https://doi.org/10.1103/PhysRevD.50.4807
https://arxiv.org/abs/astro-ph/9303001
https://inspirehep.net/literature/343686
https://doi.org/10.1088/0264-9381/13/3/006
https://arxiv.org/abs/gr-qc/9504030
https://inspirehep.net/literature/394392
https://doi.org/10.1103/PhysRevD.42.3413
https://inspirehep.net/literature/305752

[28]

[29]

[38]

[39]

[40]

R.H. Brandenberger, T. Prokopec and V.F. Mukhanov, The Entropy of the gravitational field,
Phys. Rev. D 48 (1993) 2443 [gr-qc/9208009] [INSPIRE].

R.H. Brandenberger, V.F. Mukhanov and T. Prokopec, Entropy of a classical stochastic field
and cosmological perturbations, Phys. Rev. Lett. 69 (1992) 3606 [astro-ph/9206005]
[INSPIRE].

T. Prokopec, Entropy of the squeezed vacuum, Class. Quant. Grav. 10 (1993) 2295 [INSPIRE].

A L. Matacz, The Coherent state representation of quantum fluctuations in the early universe,
Phys. Rev. D 49 (1994) 788 [gr-qc/9212008] [INSPIRE].

M. Gasperini and M. Giovannini, Entropy production in the cosmological amplification of the
vacuum fluctuations, Phys. Lett. B 301 (1993) 334 [gr-qc/9301010] [INSPIRE].

M. Gasperini and M. Giovannini, Quantum squeezing and cosmological entropy production,
Class. Quant. Grav. 10 (1993) L133 [gr-qc/9307024] [INSPIRE].

C. Kiefer, D. Polarski and A.A. Starobinsky, Entropy of gravitons produced in the early
ungverse, Phys. Rev. D 62 (2000) 043518 [gr-qc/9910065] [iINSPIRE].

D. Campo and R. Parentani, Decoherence and entropy of primordial fluctuations. I: Formalism
and interpretation, Phys. Rev. D 78 (2008) 065044 [arXiv:0805.0548] INSPIRE].

K. Boutivas, G. Pastras and N. Tetradis, Entanglement and expansion, JHEP 05 (2023) 199
[arXiv:2302.14666] [INSPIRE].

G. Lindblad, On the generators of quantum dynamical semigroups, Comm. Math. Phys 48
(1976) 119.

I. Peschel, Calculation of reduced density matrices from correlation functions,
cond-mat/0212631 [DOI:10.1088/0305-4470/36/14/101].

A. Coser, E. Tonni and P. Calabrese, Entanglement negativity after a global quantum quench,
J. Stat. Mech. 1412 (2014) P12017 [arXiv:1410.0900] [INSPIRE].

J.S. Cotler, M.P. Hertzberg, M. Mezei and M.T. Mueller, Entanglement Growth after a Global
Quench in Free Scalar Field Theory, JHEP 11 (2016) 166 [arXiv:1609.00872] [InSPIRE].

R.D. Sorkin, Ezpressing entropy globally in terms of (4D) field-correlations, J. Phys. Conf. Ser.
484 (2014) 012004 [arXiv:1205.2953] [INSPIRE].

- 69 —


https://doi.org/10.1103/PhysRevD.48.2443
https://arxiv.org/abs/gr-qc/9208009
https://inspirehep.net/literature/337361
https://doi.org/10.1103/PhysRevLett.69.3606
https://arxiv.org/abs/astro-ph/9206005
https://inspirehep.net/literature/335333
https://doi.org/10.1088/0264-9381/10/11/012
https://inspirehep.net/literature/335177
https://doi.org/10.1103/PhysRevD.49.788
https://arxiv.org/abs/gr-qc/9212008
https://inspirehep.net/literature/33800
https://doi.org/10.1016/0370-2693(93)91159-K
https://arxiv.org/abs/gr-qc/9301010
https://inspirehep.net/literature/342197
https://doi.org/10.1088/0264-9381/10/9/004
https://arxiv.org/abs/gr-qc/9307024
https://inspirehep.net/literature/356314
https://doi.org/10.1103/PhysRevD.62.043518
https://arxiv.org/abs/gr-qc/9910065
https://inspirehep.net/literature/508899
https://doi.org/10.1103/PhysRevD.78.065044
https://arxiv.org/abs/0805.0548
https://inspirehep.net/literature/785003
https://doi.org/10.1007/JHEP05(2023)199
https://arxiv.org/abs/2302.14666
https://inspirehep.net/literature/2637306
https://doi.org/10.1007/bf01608499
https://doi.org/10.1007/bf01608499
https://arxiv.org/abs/cond-mat/0212631
https://doi.org/10.1088/0305-4470/36/14/101
https://doi.org/10.1088/1742-5468/2014/12/P12017
https://arxiv.org/abs/1410.0900
https://inspirehep.net/literature/1320026
https://doi.org/10.1007/JHEP11(2016)166
https://arxiv.org/abs/1609.00872
https://inspirehep.net/literature/1485156
https://doi.org/10.1088/1742-6596/484/1/012004
https://doi.org/10.1088/1742-6596/484/1/012004
https://arxiv.org/abs/1205.2953
https://inspirehep.net/literature/1114475

	Introduction
	Gaussian Solutions of the simple quantum harmonic oscillator
	The special case of two oscillators
	The reduced density matrix
	The spectrum of the reduced density matrix
	Squeezing and entanglement

	General harmonic system at a squeezed state
	Summary
	The reduced density matrix
	The eigenproblem for the reduced density matrix
	The eigenstates of the reduced density matrix
	The ``Ground'' eigenstate of the reduced density matrix
	The ``First Excited'' eigenstates of the reduced density matrix
	The tower of eigenstates of the reduced density matrix

	A comment on the symmetry property of entanglement entropy
	The eigenvalues of the reduced density matrix

	Large-squeezing expansion
	A field theory example
	Squeezing a single mode
	Squeezing all modes

	Discussion
	The dependence of entanglement on squeezing in the case of two oscillators
	Squeezing a single mode
	The mean entanglement entropy

	Squeezing both modes

	Algebraic construction of the reduced density matrix eigenstates
	A solvable example
	Entanglement entropy through Rényi entropies — a toy case
	Entanglement in terms of correlation functions
	Small-squeezing expansion

