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Notations

In this thesis we shall use the following conventions and notations:

1. General relativity

The signature of space-time is (—, +, +, +).

The metric is noted g, and the covariant derivative is V. A point in space-time
is x. The volume element is dx/—g.

Implicit summation is made on repeated indexes. It runs on space and time for
Greek variables (u,v---), on space only for Latin variables (4,7, - -)

2. Quantum mechanics

=Tr (ﬁé),

1)
or when no confusion can be made, only <O> For pure states |U), the state will

Expectation value of an operator O in a mixed state p is noted <O>

be explicitly put in the formula as (¥] O |¥).

Hamiltonian is H in Schrodinger representation and H in Heisenberg representa-
tion.

3. Miscellaneous

Bold notations designate vectors (in space only). In one dimension, it designates
algebraic quantity.

e Commutators and anticommutators are defined by [a,b] = ab — ba, {a,b} = 22Eb2,
e Fourier transformation is normalized as f(z f o e*@ f(k), and when integrat-

ing over functions dependmg only on x — 2’ we have the Coherent normalization

dxdz’ zka: zk’z’f fd zka: x’)f( /)(5(/{3— /{3/)

or

il
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Introduction

During the XX"™ century, two fundamental theories were proposed. They describe the
world in a dual and apparently incompatible way. These are quantum mechanics and
general relativity. Their merging could provide us a unified theory of the universe. Un-
fortunately, Planck scale —i.e., the scale built with the fundamental constants of quantum
mechanics and general relativity— physics is today experimentally out of reach. However,
quantum particles propagating in a classical gravitational field is a first step towards this
theory. Such a semi-classical theory is similar to what was done in the beginning of quan-
tum mechanics, when quantum electrons were propagating in a classical electromagnetic
field. Such a theory was necessarily incomplete but gave birth to many interesting fea-
tures and in particular to the laser effect.

During the early years of studying quantum particles in the presence of classical
gravitation, one of the most counter intuitive phenomenon that was predicted was the
Hawking radiation [Haw75]. It comes from the creation of pairs of quantum particles
out of vacuum in the vicinity of an event horizon, which delimits a black hole. Instead of
annihilating, as it would be the case in the absence of a black hole, it happens that one
of the two particles has a positive energy and is emitted towards infinity, while the other
one has a negative energy (total energy is conserved) and falls into the black hole. The
black hole thus effectively emits a thermal flux of particles (if these are massive, the ones
with insufficient energy fall back into the black hole, while the others reach infinity).

It turns out that this phenomenon is not specific to black holes. Indeed, as was
shown by W. Unruh in 1976 [Unr76|, if a particle detector is placed in vacuum and
accelerated, it will see its environment as if it were thermally populated. Moreover, if
a second particle detector is placed at rest, it will interpret each particle detection of
the first detector as a particle emission. This phenomenon can be understood quite as
Hawking radiation: the vacuum contains virtual pairs of particles. The one of negative
rest-energy is absorbed by the detector (in his frame, this particle have positive energy)
and the one of positive rest-energy is emitted towards infinity.

A third similar example is pair particle production [Par69] in a non stationary space-
time (e.g., in expansion). The modulations of the geometry brings energy that allows
virtual pairs of particles present in the vacuum to become real. Contrary to the previous
cases, in this case, both particles have a positive energy.

From an experimental point of view, the three effects are far out of range. For exam-
ple, a black hole emitting a lot of particles would emit a thermal flux with a temperature
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of the order of uK. It is thus indistinguishable from the cosmological background at a
temperature of 2.7K. For the Unruh effect, given a humanly bearable acceleration, the
expected temperature should be of the order of 1072° K. For a proton at the Large Hadron
Collider, taking into account the acceleration in the RF cavities (with field strength of
5MV/m), it should be of the order of a few pK.

The possibility of experimentally verifying these theories was raised by W. Unruh in
1981 [Unr81]. He noticed that sound waves in (non-rotational) fluid are driven by the
same equations of motion as a scalar field in curved space-time. If the fluid possesses
a sonic horizon, (place separating subsonic from supersonic regions), then this horizon
should behave as a relativistic event, horizon.

As all analogies, this one is limited. The first limit concerns the dispersion relation:
in relativity, any particle has its energy and momentum linked by E? = m2c* + 2 P2
Even though this expression remains (approximately) true for low momenta waves (the
previous expression is just a Taylor expansion), at large momenta, its breaks down, as
the wavelength becomes so low that the discrete character of the fluid is manifest. The
second limit comes from quantum mechanics itself: a sound wave in a fluid like water is
a purely classical object.

This second point has been partially solved by the profusion of analogue models that
were proposed (see Ref. [BLV11] for an explicit list), and which properties were closer to
quantum mechanics than sound waves were. As an example, we shall study Bose-Einstein
condensates and polaritons, see Part. III.

Concerning the modification of the dispersion relation, no analogue medium has a
purely relativistic dispersion relation, mainly because of the fact that it is composed
of atoms. It was thus natural to introduce a non conventional dispersion relation in
gravitational context, and thus to break the local Lorenz invariance. This was done in a
covariant manner by T. Jacobson [CJ96] introducing a vector field, the vacuum expec-
tation value of which is timelike. It thus introduces a preferred time which corresponds
in analogue gravity to laboratory time. From a relativistic point of view, the next step
is to consider such a field as dynamical, as is the metric [JMO1b].

From the point of view of condensed matter, the next step was to introduce dissipation
on top of dispersion. To do so, a simplified model was introduced by R. Parentani [Par07].
From a logical point of view, any interacting field with a non relativistic dispersion rela-
tion should get dissipated. However, most of the studies are made in free (non interact-
ing) theories (the only interacting theories in the presence of gravitation are not yet well
known [Ser1l1]). It was thus necessary to introduce dissipation in a phenomenological
way, so as not to introduce interactions.

On the other hand, introduction of dispersion is motivated by relativity itself. In-
deed, when taking the Hawking reasoning, and when considering the past of an emitted
quantum, this quantum stayed in the vicinity of the black hole since its creation. And
during all this time it went through an exponential redshift. This redshift is so huge
that one second before its emission, the wavelength of the quantum is a million orders
of magnitude smaller than its final wavelength (for a black hole of the size of the sun).
This length is thus way smaller than Planck length and general relativity can not be
considered as it stands and must be quantized. However, as announced in the first para-
graph, there is no theory of quantum gravitation. This is the transplanckian problem.
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It turns out that it is solved by dispersion: the quantum leaves the vicinity of the black
hole and thus stops being blueshifted (when going to the past) when its wavelength is
such that the dispersion relation is no longer relativistic.This point shall be discussed in
more details in Part. II.

In this thesis, we shall study the robustness of the Hawking process when introducing
dispersion and dissipation in relativity. In Part. I, we shall present the fundamental
concepts for the following parts. To do so, we first consider the classical parametric
amplifier and quantize it until we arrive to pair particle production in cosmology. Then, in
Part. I, we shall look at the de Sitter space-time, introducing dispersion and dissipation.
We shall then draw generic conclusions for Hawking radiation and (analogue) black holes.
Finally, in Part. III, we shall turn towards analogue models and study the influence of
dissipation on dynamical Casimir effect and the consequence of initial conditions on
(analogue) Hawking radiation.



Your chemistry high school teacher
lied to you when they told you that
there was such a thing as a vacuum,
that you could take space and move
every particle out of it.

Adam Riess

Part 1

About particle production




Introduction

When studying quantum effects in a curved background, or their analogue experimen-
tally accessible counterparts, one notices that most of the effects are already present
in much simpler contexts. Indeed, Hawking radiation and pair particle production are
spontaneous emissions due to the amplification of quantum noise present in the vacuum.
A huge simplification can be made when the initial state is not vacuum. The effect
becomes amplification of initially present (eventually classical) noise. If these stimulated
processes dominate, a classical description of the theory is enough. As a consequence,
some classical systems contain the precursor of Hawking radiation of pair particle pro-
duction. This is the essence of the experiment of Ref. [WTP*11]. In such experiment,
the classical equivalent of Hawking radiation is claimed to be observed as the amplifi-
cation by an accelerating (water) flow of an incoming wave. The outgoing waves are
produced in pairs as would be the Hawking flux. From the point of view of pair particle
production, classical analogue are even simpler since a swing in a garden is enough, see
Chap. 1, Sec. 1.

In the first part of this thesis we use this simplification to develop, for the non
specialized readership, the formalism and the tools that shall be used in the rest of this
thesis.

Chap. 1 progressively introduces notion of quantum field theory in curved space-time
and gives an overview of the introduction of dispersion and dissipation. This is really
the bedrock of the thesis. The goal of the chapter is not to give an overview of field
theory nor relativity. Rather, it focuses on concepts that will be of great use in the
following. The readership interested by a deeper introduction to these subjects may
read Refs. [LL75, MTWT73] for relativity or [Wei96,PS95] for an introduction to quantum
field theory in flat space-time. For quantum field theory in curved space-time, a rather
complete and clear overview is given by [Wal94, BMPS95b|.

Chap. 2 introduces the notion of separability of a quantum state and gives tools
allowing to characterize separable states. Here again, the goal is not to present each
notion in details. Some of the concepts are introduced rapidly and the interested reader
can consult [Leo97, MW95].



Chapter

From the parametric amplifier to pair
particle production

Introduction

When considering a non stationary system, the temporal modifications of its parameters
break energy conservation. As an example, a child sitted on a swing, when he moves
his legs, makes the period of oscillations vary. He hence brings energy to the swing that
projects him higher. The simplest non stationary system is the parametric amplifier. It

is an harmonic oscillator with a time-varying frequency.

We shall here consider first the classical version of the parametric amplifier, then
quantize it. After introducing to relativity, in Sec. IV, we shall give a quick view of the
pair particle production occurring in quantum field theory. In each case, we shall see

that the formalism is similar but that physical interpretations differ.

Contents
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A. General statements . . . . . ... .. oL L L 7
B. Particular cases . . . . . ... Lo 8
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B. General relativity . . . . . .. oo 19
IV. Fieldtheory . .. .. .. ..., 21
A. Local Lorentz invariant theory . . . . . . .. .. .. ... ..... 21
B. Local Lorentz symmetry breaking . . . . . .. ... ... ... ... 25
Conclusions . . . . . . . . i ittt it i e e e e e e 26
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I. Classical parametric amplifier

A. General statements

1.  Hamiltonian mechanics

Hamiltonian mechanics is a way to derive equations of motion from first principles in
conservative systems. The process consists of two steps. The first one fixes the kinematics
and the second one the dynamics of the system.

To fix the kinematics of the system, one first needs canonical quantities that describe
completely the system. If the system has n degrees of freedom, there are 2n quantities,
namely ¢; and p; corresponding to the positions and momenta of all degrees of freedom.
The space generated by these variables is called phase space when it is endowed with
a bilinear antisymmetric form called Poisson brackets. When the Poisson brackets take
the form {4, B} = )_.0,,A0,,B — 0,,A0,,B where A and B are any functions of the
phase space, ¢; and p; are called canonical. One can show that any other choice of ¢/ and
pj is canonical if and only if {q;, ¢} = {p},p}} = 0 and {qj, p;} = ds;.

The dynamics of the system is determined by the evolution in time of the different
¢; and p;. It is represented by a parametric curve (g;(t),p;(t)) in the phase space, for
which the curvilinear coordinate is time. Experiments have shown that equations of
motion are of order two. When one knows all the ¢; and p; of a system at instant ¢,
its evolution is thus fully determined. Therefore, there exists 2n functions f;, g; which
depend on phase space, such that any curve passing through (g;, p;) at time ¢ should pass
at (q; + fidt,p; + g;dt) at time ¢ + dt. In general, these functions evolve in time. When
it is not the case, the system is called stationary. A system is called conservative when
the canonicity of the variables is conserved through time, i.e., if (¢;(¢), p;(t)) is canonical,
then (q;(t + dt),p;(t + dt)) also is. In such a case, one can show that there exists a
function H called the Hamiltonian of the system such that ¢; = {q;, H}, p; = {p;, H}.
These are the equations of motion of the system. This implies that for any observable
O depending on canonical variables and time explicitly,

% = 0,0 +{0,H}. (1.1)

In general, the Hamiltonian H(q;, p;,t) depends explicitly on time. However, when the
system is stationary, it depends on time only through the phase space. In such a case,
because of Eq. (1.1) applied to O = H, the restriction of the Hamiltonian to the solution
of the equation of motion H(g;(t),p;(t)) is a constant. This physically corresponds to
the energy of the system. By extension, the energy of a non stationary system is the
value of the Hamiltonian H (q;(t), p;(t);1t).

One can solve the equation ¢; = {¢;, H} to extract p;(¢;, ;). One then defines the
Lagrangian by making the Legendre transformation of the Hamiltonian: L(q;, q;) =
> ;PG — H. One can show that the equations of motion are then equivalent to

doL oL
dtdg — Ogq;

(1.2)



8 CHAPTER 1. PARAMETRIC AMPLIFIER & PARTICLE PRODUCTION

The form of Eq. (1.2) is called Lagrange equations of motion. It is also equivalent
to extremizing the action S = fL(qi,q'i)dt. The advantage of the action is that it is
unchanged when one parametrizes time differently.

2. The system

Consider first a mass m at the extremity of a massless spring. Suppose also that the
rate of the spring depends on time, so that the system is a parametric amplifier. Such
a system has only one degree of freedom and is completely described by the position of
the mass ¢ and its momentum p. The Hamiltonian hence decomposes into the kinetic
part p?/2m and the potential one k(t)g?/2 (the origin of the axis is such that ¢ = 0 is
the equilibrium). It hence reads, with w = /k/m:

H(t) = % + %Q(t)q?. (1.3)

the equations of motion deduced from such a Hamiltonian are then
p=—mw?(t)g, mq=np. (1.4)

This system being linear and of order two, the space of solutions is of dimension two. It
is then engendered by two pairs (q1,p1) et (g2, p2). Given two of those, the quantity

W = qip2 — @2p1 (1.5)

is called Wronskian of the system and does not depend on time*.

B. Particular cases

1. Adiabatic case

We shall consider here the adiabatic case, i.e., the case in which w varies slowly : & < w?.
Then, the real and imaginary parts of the complex solution

q(t) = Ni/;i_: {1 +0 (%)] , p(t) = —iNymwe ¢ {1 +0 (%ﬂ (1.6)

is a base of solutions. In Eq. (1.6), N is a normalization constant. The energy associated
to the two solutions is identical and varies with time. It is equal to H(t) = N2w(t)/2.
The ratio

J=H(t)/w(t) = N?/2 [1 +0 (%)] : (1.7)

is constant in the adiabatic limit w < w?. Tt is called an adiabatic invariant.

1. This is not a constant of motion since it mixes two different solutions
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2. Asymptotic case

We consider here the important case where w is constant for t — £o00. The limits are
called respectively wiy, and wg. By choosing the origin of times, we can write the solution
for initial times as

(q,p) e (\/;:_wm sin[wint], Ay/mwiy Cos[wint]) , (1.8)

where A is a normalization constant. Then, at final times, we will have

wn

t——+o0

N sin|wet + |, By/muws cos|wst + <p]) : (1.9)
The energy is then initially Fj, = A%w;,/2 and in the end F; = B?w;/2. Hence, the
adiabatic invariant is asymptotically

A? B?

The ratio R = J;/Ji, only depends on the detail of the evolution of w(t). The modification
of the energy of the system is hence due to both the change in frequency (adiabatic part)
and to the change in R (non adiabatic part).

3. FExample

In this paragraph, we consider the case where w is a constant function for ¢ # ¢y, but
has a sudden change at time t = to. Then, for ¢t < ty, Eq. (1.8) and for ¢ > ty, Eq. (1.9)
apply. At t = to, equations of motion implies that both ¢ and p are continuous. One
deduces

2 6042 (- 2 sin? w;
R = Win 08" Winto + wp sin” wino. (1.11)

WfWin

This means that the mean amplification (when ¢, is random) is (w? + w?)/2wswi, > 1.
There is in general amplification for the adiabatic invariant. The time-reversibility is
here lost by taking the average on ¢y even though the system is time reversible. Indeed,
for each solution (q(t),p(t)), (¢(—t),p(—t)) is solution of the reverse time evolution of
the system w(—t). However, for both evolutions, the adiabatic invariant increases when
time evolves. It can hence be conceived as some sort of entropy.

One can note that if one makes a second sudden change after a time At taking back
the value of w to its initial value, the mean value (with respect to ¢) of the amplification
of the adiabatic invariant is for any value of At:

(w? + w?)?

> 1. 1.12
v (112)

<R>t0 =

For a collection of non correlated parametric amplifiers, such a cyclic operation leads to
energy amplification.
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Figure 1.2:  Evolution of the phase
space in the case of a sudden change of
w. State changes suddenly from one el-
lipse to the other.

Figure 1.1: Evolution of the phase space
in the case of an adiabatic evolution of
w. State goes slowly from the yellow el-
lipse to the red one, conserving the total
area.

4. Phase space diagram

Because the system is completely described by two quantities ¢, p, we can plot the tra-
jectory in the plane ¢, p. As said before, the evolution of the system is a curve labeled
by time. In the case of the harmonic oscillator, the curve is simply an ellipse and the
time necessary to make one turn is the period of the system 27 /w. When considering the
adiabatic limit, see Fig. 1.1, the ellipse is slowly deformed and its area remains constant.
This is because the area of the ellipse is proportional to the adiabatic invariant. In the
case w is asymptotically constant, the phase space will be composed of two ellipses cor-
responding to initial and final states and some path linking one to the other. When the
change is sudden, the length of this path is null and the two ellipses touch each other,
see Fig. 1.2.

5. Canonic base and Bogoliubov transformation.

We shall here make a completely formal study in order to prepare quantification. Rather
that decomposing ¢ on trigonometric functions, we shall consider complex ¢ and define
canonical base through the positivity of the frequency in the exponential. Hence, for
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harmonic oscillator (w is constant),

—twt

(¢,P)can = ( © ,—i\/me_m> . (1.13)

2mw

The other element of the base will be the complex conjugate of the first. This base is
such that the associated Wronskian is equal to —1.

When considering the parametric amplifier, and in the case where it is asymptotically
stationary, we can define two privileged basis according to whether they are canonical
for asymptotically low or large times:

(Q7p) (Qap)cam (Q7p)f ~ (Qap>can (114)

in 7
t——o0 t—+o0

These two basis are then linked by a Bogoliubov transformation [Bog47]:

(¢,P)in = a(q,p)s + B (¢ p)i]" (1.15)

. . . . 2 2 . .
Wronskian conservation then implies |a|”—|5|” = 1. Moreover, Wronskian can be viewed
as a bilinear form

((q1,p1); (2, P2) ) = —ilq1ps — qap1)- (1.16)

This form has all the properties of a scalar product, except for positivity. As an ex-
ample, the product of two solutions is time independent and canonical modes form an
orthonormal base. Hence, we find back the Bogoliubov coefficients through:

a= (¢, D), (. D))k > B =@, D), [(¢,P)] Ve - (1.17)

The notion of Bogoliubov transformation is thus entirely classical. Moreover, it is
possible to show that during time evolution, the amplification of the adiabatic invariant
is bounded by

(lal = 18)* < R < (Jal +18])*. (1.18)

II. Parametric amplifier in quantum mechanics

We shall consider now the quantization of the parametric amplifier. The canonical quan-
tization procedure of a system consist in converting all observable and canonical variables
to operators acting on some state. Moreover, the canonicity of variables now translates

in commutators ([q,p] = ih) instead of Poisson Brackets. More details will be given in
Chap. 2, Sec. 1. A.

A. Schrodinger representation

1. General considerations

As for its classical version, the quantum parametric amplifier has only one degree of
freedom. Its Hamiltonian is a Hermitian operator quadratic in the operators position
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¢ and momentum p. Its expression is identical to Eq. (1.3). The Schrédinger equation
reads

2 mw(t)

9, (1)) = F1(1) [ (1)) = (p— T

Lm0 o). (1.19)

Since the Hamiltonian explicitly depends on time, there exist no stationary state. It is
then necessary to use a different approach from the usual one using decomposition into
stationary states. To do so, let us consider the matrix element of canonical operators

Ga(t) = (P1(t)[ q[V2(2)),  palt) = (L1(t)] p[V2()) (1.20)

where |Uy5(t)) are two solutions of Eq. (1.19). Because of the Schrodinger equation,
these quantities are solution of the classical equations of motion [see Eq. (1.4)], i.e.,

MG = Pely,  Pet = —w>()qel- (1.21)

All the conclusions of Sec. I hence apply. In particular, the adiabatic solutions and the
amplification are the same.

2.  Harmonic oscillator

When the frequency w is constant in time, we are facing the usual harmonic oscillator.
We can then decompose the state on a basis of stationary states

(W(t) = Z e Ent/h ) (1.22)
n
where |0,,) is the solution of H |¥,) = E, |¥,,), and E, = hw(n + 1/2) with n € N. We
note here that energy is not discrete, since it can reach any value. Only the ratio F/w,
i.e., the adiabatic invariant is discrete. Hence, in the adiabatic limit of the system the
value of n will be constant. In classical mechanics, this result was non trivial. Here, it
comes from the fact that n is an integer that varies slowly.
To make link with the previous paragraph, we consider the matrix elements of (g, p)
between eigen states of the Hamiltonian:

Gy (t) = B ED (G 1 G 1T | pry(t) = BB (G 5 T (1.23)

because they are solution of Eq. (1.21), if |E, — Ej| # hw, then ¢ (t) = pri(t) =
0. Using the Hermitian character of ¢ (gx; = ¢/;,) and the canonical commutators
> 1 QkiPlm — PriQim = —ihdm, we show that up to a phase defining origin of times,

Qi (t) = \/ 52 Opy_1€™' 4+ 52514167, We now define the creation and annihilation

operators through their action of stationary states:

at|U,) = Va(n + 1) [W,p),  a|W,) = Vin|¥, ;). (1.24)

qx, then simply reads in term of those operators and the functions defined in Eq. (1.13):

Qk,l(t) = (dT)k,lq:an + dk,IQCany pk,l(t) = (&T>k,lp2an + &k,lpcam (125)
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When choosing non stationary states |U; o(t)) of the form of Eq. (1.22), go and pe then
decompose on the basis of ¢;; and py;. Each term is then either proportional to gean
and corresponds to lowering the energy of the system (it only contains operators a), or
it is proportional to ¢, and corresponds to increasing the energy of the system. This
justifies the definition we used in Eq. (1.13).

Moreover, the operators a can be expressed in term of canonical operators, as a =
NE R 2\/2’;7) The Hamiltonian thus reads in term of these operators

. ata + aat
i m@_ (1.26)

3. Representation position

For completeness, we give here for the interested reader the expressions of operators and
states in the representation position.

In this representation, the state is described by a space dependent wave function
|W(t)) = 1(q,t). The operator ¢ corresponds to multiplication by ¢ and the operator p
corresponds to derivation with respect to ¢:

q1¥(t) = qi(q,t), pE(t)) = —ihdy.¢(q,1) (1.27)

The scalar product is the integration on all real values of ¢q. Eigen states |V,) are then
proportional to Hermite polynomials H,,. They are equal to

1 mw mw mw 2 ;
Un(g, 1) = (=) H, () —=q ) e o e 12t (1.28)
V2nn! " Th h
Moreover, the operator a is:
AR P B e LY
2 V2w V2mw I
mw ho, h (1.29)
al = q— - e%qQ(?qe’%QQ.

2 V2mw - V2mw

B. Heisenberg representation

In some cases, it is useful to modify the way we see operators and states. To do so, we
notice that neither states nor operators have any physical meaning. Only the combination
(T(t)] O |¥(t)), where O is some Hermitian operator, has a physical meaning and can
be measured. It is then possible to transfer the time dependence of the state to the
operators without modifying any physical prediction of the theory. This is the idea of
the Heisenberg representation

1. FEwvolution operator

We should first notice that the Schrédinger Eq. (1.19) is a first order linear equation.
Hence, it is analytically solvable and the solution reads formally

(1)) = U(t; to) [¥(to)) - (1.30)
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Here, U is the evolution operator. An explicit calculation gives U (t;to) = Texp ( ft )
where Texp is the time ordered exponential:

i [ i\" : :
Texp (_/ H) = (_) / dty - dtnH(t) - H(t,). (1.31)
h to n h’ t>t1>-->tn>to

The operator U is then unitary because the Hamiltonian is hermitian. The expression
of a physical quantity can hence be decomposed as:

(T(0)] O (1)) = ((to)| U (t:10)OU (t50) [ U (t0)) = (¥ (to)| O(t; to) [¥ (ko)) (1.32)
where O(t; to) = UT(t;t0)OU (t; o). This operator is a solution of the differential equation

dO(t)

th———=
dt

= [O(t), H], (1.33)
where H = U'(t;to)H(t)U(t; to) is a modified version of the Hamiltonian. We formally
pass from H to H by replacing every operator by its version in Heisenberg representation.
Moreover, the commutators of ¢(¢) and p(t') are no longer canonical. Only the equal time
commutators are canonical [¢(t), p(t)] = ih.

The main advantage of Heisenberg representation is its similarity with classical theory.
Compare for instance Eq. (1.33) with Eq. (1.1). Moreover, operators obey the same
equations as the matrix elements [see Eq. (1.21)].

2. Back to the parametric amplifier

For the parametric amplifier, the Hamiltonian in Heisenberg representation H reads [see

Eq. (1.3)]

(t)? mw?

B0 et
2m 2

H = ()% (1.34)
The equations of motion in Heisenberg representation [see Eq. (1.33)] then read for the
parametric amplifier

p(t)

Law, m1m) =" iy =

ih m = 1p(1). H(1)] = —mwq(1). (1.35)

q(t) =
which is the operator version of Eq. (1.21).
In the case of the harmonic oscillator, the solutions are simply the exponentials
introduced in Eq. (1.13). Using Eq. (1.25) to fix the normalization, we get

4(t) = agean(t) + &Tq:an(t)7 p(t) = apean(t) + dTp:an(t)' (1'36)

We emphasize that operators @ and a' do not depend on time and were defined in
Eq. (1.24).

For the parametric amplifier, it is impossible to define meaningful creation and an-
nihilation operators. However, if w is asymptotically constant in time, it is possible to
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define two basis of operators: one for small times, and one for large times. We have then
two possible decompositions:

(1), p(t) = in(q, P)in + al, (¢, P)in]” = ar(q, p)e + af [(q, p)e]" (1.37)

The Bogoliubov transformation of canonical modes Eq. (1.15) thus transcripts to the
creation and annihilation operators:

&f = Oé&in + 6*&:rn (138)

This transformation acquires here all its physical sense. It is similar to the transformation
occurring during reflexion /transmission. Indeed, in such a case, we have Gy, = rérefiected +
tQiransmitted- L he incoming ray then cuts into a reflected part and a transmitted part.
Since all operators are destruction operators, unitarity imposes |r|> + [¢|* = 1. Here, on
the other hand because Eq. (1.38) mixes creation and annihilation operators, unitarity
imposes |Oz|2 — |5|2 = 1. As a consequence, the outgoing flux contains more quanta of
energy than the incoming flux.

3. Ground state

We now have every tool to express the initial ground state |Wy). after the evolution of
the system. The ground state is characterized by

Giin | Vo), = 0. (1.39)

It then decomposes on the basis of final eigen-states (i.e., |,,), = (a})" |¥o),) as |¥p), =
S enl@l) | Wo) = S |W), where S is some unitary operator. Using Bogoliubov transfor-
mation to express a;, in term of final operators, Eq. (1.39) gives (a*&f — B*CAL;[) S W), =
0. Using a¢ |¥o), = 0, it simplifies into

([af, g - §—T5> W), = 0. (1.40)

We can consider S as a function of af. We then have [ar, 5] = 3, ne,(af)* ! = 5'(al)
is the derivative of S. Hence S'(al) — %dIS(dE) is function of a! and is identically 0
because of Eq. (1.40). Hence, we have S(a}) o e3a=a{dl  The proportionality coefficient
is then fixed by the normalization of the state. To summarize, we have

L s atal
Vo), = meh* £ |\I/0>f. (1.41)
«

The ground state then gets excited by the time evolution. Its mean energy level is after
evolution

nt = <\Ilo|in d}.df |\Ijo>in - |5|2 : (142)
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For an initially excited state, we have
ng = (U, afas [W,);, = nin + 2| B[° nin + 8] - (1.43)

The third term is the spontaneous excitation from vacuum. The first term is the ini-
tial value of the adiabatic invariant. The middle term then corresponds to stimulated
emission: Each initial quantum of energy has a probability |3 ]2 to create two quanta
of energy. These ones are necessarily produced by pairs. Indeed, we can show that if
n—m is odd, (V,,|; |¥,),, = 0. The vacuum behaves as if it can lend 1/2 quantum of
energy and get it back after the time evolution. This behavior is commonly interpreted
as creation of virtual quantum.

4.  Wigner function

To describe some quantum state, there exists an equivalent to the phase space diagrams
that is representation of the Wigner function. Before defining the Wigner function, we
need first to define the quadrature states |¢) that are the eigenstate of the operator §
and associated to the eigenvalue ¢ : ¢|q) = q|q)?. Then, we define the Wigner function
of a state |U(¢)) in Schrodinger representation through

Witiqp) = o [ dola - a/20(e) (¥@)la + 2/2) e (1.44)

Physically, this function corresponds to quasi-probability distribution in phase space.
In Fig. 1.3 we represented an initially Gaussian coherent state and its time evolution.
At each time, the Wigner function is a Gaussian function. We represented the contour
line corresponding to W(q, p) = Wiax/10 at different times. The dotted line correspond
to classical motion. We see that the contour line is an ellipse that gets deformed as time
passes. Because it gets squeezed, the final state is called squeezed coherent state.

2. These states are represented by § functions in representation position. Moreover, ¥(q,t) =

(q|¥(t))-
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d.  Dissipation

In this subsection we briefly introduce dissipation in a manner similar to [UZ89]. To do
so by conserving the linearity of equations of motion, we couple the parametric amplifier
to some continuum of harmonic oscillators. When doing so, the total Hamiltonian reads
in Heisenberg representation

= g [0 e i )
om 2 2 2k dwcJdC '

Equations of motion for the harmonic oscillator read

Gc + wlic = —guwcd. (1.46)

Assuming that qg is a solution of the homogeneous corresponding equation (¢ = 0) that
matches the solution initially, the general solution reads

y sinwe(t —t') we

io= - [ dvoe ) Ay A0 (1.47)

When we inject this in equations of motion for the parametric amplifier, we get

mi:A, = —mw? —/d S S 24, 1.48
q=p, p q Cg Wd%/dcqg 9°q (1.48)

The ¢%¢ term is the term that induces dissipation. It is local because the coupling is
chosen proportional to w¢/+/dw:/d¢. In classical mechanics, this corresponds to friction
force: when qg = 0 is the trivial solution, the system is then equivalent to some non
conservative system. In quantum mechanics, one can no longer assume (jg = 0, since the
commutator [, p}] = —ih. The term proportional to ¢¢ is the term that is necessary so
that unitarity of the whole system is preserved.

6.  Coupled parametric amplifiers

In order to prepare Sec. IV, we consider here a system of coupled parametric amplifiers.
For simplicity, we put them on the same line so that we have a one dimensional system.
The Hamiltonian of such system reads

H = Z +mzkw —q)*. (1.49)

In the most general case, the Bogoliubov transformation between initial and final state
reads, in term of matrices

Qif = Z Qi jjin + 5@'4@}@7 (1.50)
J

and unitarity is expressed though matrix equation aal — g5 = 1.
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When each of these oscillators is only coupled to its closest neighbor, in the continuum
limit, and with a parametric amplifier’s density p(z)dz, Hamiltonian becomes

H= /dzp(z) [péif + de;(t)q(z)2 + ch(z)(azq)z] . (1.51)

It reads, when making the canonical transformation ¢ = v/mgq, ™ = p/y/m:

= [aeote) | 0001 4 007 (1.52)

ITII. Relativity

We make here a break in our study of parametric amplifiers to study the basics of general
relativity (GR). This is not GR in the strict sense since we do not study the influence of
matter on geometry. Rather, we wish to consider curved geometry and matter living on
it.

A. Special relativity

1. Notion of space-time

Special relativity is based on two assumptions. The first one is the relativity principle. It
states that the results of an experiment do not depend on the inertial reference frame it is
made in. A reference frame is called inertial when every free particle has a constant speed.
A reference frame moving at constant speed with respect to some inertial referential is
hence itself inertial. The second assumption is the fact that there exist a maximum speed
in the universe. We call ¢ this maximum speed. Because of the first assumption, it has
the same value in all inertial referential.

As a result, if in an inertial frame, two points x = (¢,x) and x' = (¢, x’) are such that
(x —x')? — *(t — t')? = 0, it will remain so in any inertial frame (since we go from one
point to the other using maximal speed). We name distance between two infinitely close
points ds defined by

ds* = dx* — 2dt*. (1.53)

One can show from homogeneity of space that the distance is the same in every inertial
reference frame. We then have three types of distance : space-like if ds*> > 0, time-like
if ds®> < 0 and light-like if ds®* = 0. The assumption that there is a maximal velocity
translates in the fact that the trajectory of any particle is necessarily time-like or light-
like. Let x(t) be the (time-like) trajectory of a particle in some inertial reference frame,
and v = dx/dt its velocity in this frame. Then, along the trajectory, ds* = —(c? —v?)dt>.

2. Action, energy, momentum

For a relativistic particle, the action does not depend on the reference frame. This is
a generalization of the independence of the action through reparametrization of time,
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see Sec. I.A.1, and a consequence of the relativity principle. Because ds is the only
invariant, it reads S = —mc [ v/—ds? where m is a constant and the integral runs along
the trajectory of the particle. The action hence has the form in some inertial frame
S = —mec [ /¢? — v2dt. Hence, momentum and Hamiltonian read in that frame

5S v mc?
p= = m—— H=pv+mevVe® —1? = —— (1.54)

and the equations of motion are mp = 0. In the limit of low velocity, E ~ mc? + p*/2m.
We here recognize that m is the mass of the particle. Moreover, we see that

E? — p*c? = m2ct. (1.55)

This is the relation between energy and momentum in special relativity. It remains true
in every inertial frame. For massless particles, the relation becomes E? = p?c?, which
implies that v = ¢ and ds = 0. They thus follow light-like trajectories.

B. General relativity
1. Manifold

In general relativity, the relativistic principle is extended to the equivalence principle. It
states that the effects of gravitation are locally not different than effect of acceleration. In
an accelerating frame, the distance between two points is no longer given by Eq. (1.53),
but is still a quadratic function of 1-forms dx and dt. The right concept for general
relativity is hence the concept of manifold. A manifold is some space that looks locally
like Minkowski space [described by the metric of Eq. (1.53)]. The distance is generally
given with the help of the metric g,, though

ds® = g, dx"dx”, (1.56)

where summation over all repeated indexes p, v is implicit and where z# = (¢, x).

A coordinate transformation should not change ds®. But since dx'* = Ahdx” (with
Ab = 0,x™), we also need to have g, (X)AJA, = g,,(x), or equivalently, g, (X) =
oo (X)(A71)7(A71)7. Objects that transform like dx* are called vectors. Objects that
transform like a product of dx and g (eventually with contractions) are called tensors.
The rank of the tensor is the number of subscript indexes (covariant) and of superscript

indexes (contravariant). The product or contraction of tensors is also a tensor.

2.  Covariance

In order to build a theory that do not depend on coordinate system that we chose, we
need it to be covariant, so that its equations of motions are scalars (tensors of rank
0). Since they generally contain derivatives, we need the notion of covariant derivative,
i.e., such that the derivative of a tensor is still a tensor. We will note V, the covariant
derivative. It shall have all properties of derivatives (Leibniz rule and linearity). Ordinary
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derivatives of a scalar is a tensor. Hence, on scalars, we chose V,, = 9,.% The covariant
derivative of any tensor can then be defined from the one of a vector using Leibniz
rule (Ve, eV, T, = 0,(T,e") — T,V ,e” for example). Moreover, given a basis constant
el (such that d,ef = 0, the covariant derivative of any vector (V# = ). a;e!’) reads
V, Vi =09,V# + 3% a;V,e;. Defining the Christoffel symbols as Vi, ' ef = V, e}, we
get V,V# =0, VI + ry,ve.

Two more conditions will be imposed to our covariant derivative, so that it is unique:
It shall be metric (i.e., V,g,, = 0) and without torsion (i.e., for all scalar ¢, V,V,¢ =

V.V ,¢). These two conditions impose that

1
§gmf (0v8po + 0p8ro — 058up) - (1.57)

Iy, =
An other notion that is needed is the notion of covariant volume. Indeed the naive
volume dx! - - - dx™ (where n is the dimentionality of space-time) is not conserved when
making a coordinate transformation. On the contrary, the invariant volume element is
defined by dV = \/—gdx! - - - dx" where g = g,,1, * * * 8 €1 Fm €17V is the determinant
of the metric and € is the fully antisymmetric symbol with €., = 1. The interested
reader can check that for all scalar function f, [dV f does not depend on the chosen
coordinate system.

3. Test particle

We consider here the trajectory of a free particle inside a curved geometry. As in special
relativity, its action reads S = —mcf v/ —ds?. The trajectory is parametrized by x*(\)
where )\ is a parameter of the trajectory and the 4-velocity of the particle is a vector de-
fined by u* = dx*/d\. Using these notations, the action reads S = —mc [ d\\/=g,, uFu”.
The Lagrange equation of motion hence reads

d guu!
= =0 1
I —dz (1.58)
or equivalently, noticing that % = u”0,,
d
u’o,ut + uu’gh 0,8, = u'— log(V —ds?). (1.59)

d\

We choose A to be the proper time 7 of the particle (defined by ds* = —dr?) so that
guu'u’ = 1. The rhs of Eq. (1.59) is then 0. Moreover, writing 0,85, in term of
Christoffel symbols and recognizing covariant derivative, equation of motion takes the
form of a geodesic equation:

u’V,ut = 0. (1.60)

3. Because 0, is a tensor when acting on scalars, a particular representation of a vector is V = V*#0,,.
A particular basis of vectors will then be identified to the different derivatives along each coordinates.
Similarly, the covariant equivalent of vectors (or 1-form) are represented as U = U,dz". Hence, the
differentials are a basis of 1-forms.
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Free particles in curved space-time hence follow geodesic. When choosing a coordinate
system, the term du/dr corresponds to the acceleration of the particle and the term
'Y ju”uf corresponds to the gravitational force divided by the inertial mass. We see here
that both inertial and gravitational mass are necessarily equal.

IV. Field theory

A. Local Lorentz invariant theory

1. Free field in flat space-time

Before considering field theory, let us consider a system of N identical free particles
(relativistic or not). The Hamiltonian of such a system is Hy = >  E,, where E,, is
a function of p,, momentum of the n'" particle. It is its kinetic energy (E, = p2/2m
if the particle is not relativistic, and E,, = mc?+/1 + p2/m2c? if it is relativistic). A
convenient basis to describe (a representation of) the quantum states is the eigenvectors
of momentum operator p,, |W2") = p, |W2r). A basis for states of the whole system is
then a tensor product of such 1-particle state.

Because all particle are identical, a state should be identified to itself when inverting
two of the particles. They are thus linked by a phase. The only representations from
permutation group to phase U(1) are the trivial one and the signature. There will
then be two kind of particles. The ones for which the representation is signature are
called fermions. Their state is anti-symmetric when inverting to particles. When the
representation is the trivial one, they are called bosons. Their state is symmetric when
inverting two particles. From now on, we shall only consider bosons. The Hilbert space
describing N bosons is Hy, engendered by symmetrical tensor product of |¥Er)

When the number of particles is not fixed, the total Hilbert space describing the
state is thus ®&yHy, and the Hamiltonian is the sum of Hpy, each of which act on Hy
only. However, this description is not convenient and not practical. For this reason, we
introduce creation operator a;)n that “creates a particle of momentum p,” by a;f)n W) =

Vh(ny, +1) WP @ |U), where the symmetrization is implicit and n,,, is the number of
particles of momentum p,. Compare for example with Eq. (1.24). Using such definition,
one can show that the Hamiltonian reads (in all #y and thus in the total Hilbert space)
H = > o E(pn)al ap,. To avoid ponderous occurences of fi, we introduce k = p/h

and a,t = a;/ V/h. Using such operators, the quantum Hamiltonian for a system of free
identical bosons, the number of which is not fixed reads, in the limit of infinite volume
(so that momentum is continuous parameter)

H= /dkE(k)aLak. (1.61)
In order to recover canonical formalism, inspired from Eq. (1.25), we introduce canon-
. ot s ot _, .
ical operators ¢ = A T = i—2<2%  Their canonical commutator is [k, Tr| =

\/2E(k)’ 2/E(k)
i0(k — k’). Using such canonical fields, the Hamiltonian reads, up to the addition of a
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constant,

o= / dk—frjﬁk + ﬁqskqﬁk (1.62)

To switch to representation position, one introduces the fields gb = dk delkng and

1dent1cally for . Using these fields, the Hamiltonian for a free partlcle reads H =
1 [ dzi? + $E*(i0, ). If the particle is relativistic, the Hamiltonian thus reads

()2 2.4 2.2
= [T g o (1.63)
Because when considering relativistic settings, one can in principle create particle out
of energy, the total number of particle in relativistic quantum theory is not conserved
and the field theory becomes very relevant. Because of similarities with Eq. (1.52), such
a system can be considered as a bunch of harmonic oscillators coupled to their closest
neighbors.

2. In a general space-time

In general relativity, equations of motion must be written in a covariant way (indepen-
dently of any choice of coordinate system). We already saw that the Hamiltonian is not
covariant but that the action is. Because fields are functions of space-time (the action is
only defined in Heisenberg representation), we write the action as S = [ dx,/—gL where
L is the Lagrangian density and is a scalar. As in the Legendre transformation, we have
L = 10,¢ — H, where H is the Hamiltonian density. The Lagrangian density then reads
for a free field in flat space-time

0,$)2 2 R 2.4
o f Ty ”;,; ¢, (1.64)

and in a covariant way as

2 2.4

—c ~ o~ mPct .

L=—g"0,00,0 — 2 1.65

g 000,06 — o, (1.63)

where g is the inverse of the metric g,,g"" = (5”, and g, dx'dx" = —c2dt? + dz? [see

Eq. (1.53)].
Such an expression allows to immediately generalize to curved space-time. In the
case of minimal coupling*, the action for a free scalar field in a curved metric reads

m2c2
v 72
S = 2h cdtdz/— { " Mgbaygb + 2 ——07| . (1.66)
From such an action, the equations of motion read
1 ~ .
——0,\/—gg" 0,0 + m?c*p = 0. 1.67
= r (1.67)

4. The field could be coupled to the curvature, in which case, such term disappears in flat space. We
assume here it is not the case.
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(1/\/—8)0,\/—8g" 0, = V#V, (where V is the covariant derivative) is the D’Alembert
operator associated to the curved space-time. Under this form, the equations of motion
are trivially covariant.

Moreover, after we choose a coordinate system, the metric decomposes into ds? =
—N2A2dt* + g;;(dX* + N'dt)(d X7 + N7dt), where we introduced the lapse N and the shift
N%, and where indexes 7, j run on space variables. The canonical momentum associated
to ¢ is then

Nt _ .

oL 1 -
O — ma@ (1.68)

506 N2

T =

and the Hamiltonian reads

m2ct

hQ

H= %/dzg {(Nfr + N/NO)? + 9" 0:60;6 + ¢ (1.69)
where g% is the space component of g" (it is not the inverse of g;;).

For the Hamiltonian defined in Eq. (1.69) to be a conserved energy, space-time needs
to be stationary (i.e., there needs to exist a time-like Killing vector®) and that the
Killing vector reads in the chosen coordinate system K; = 0,. When this Killing vector
is time-like in all space-time, we can chose the space coordinates such as g be positive
definite. This implies that the Hamiltonian is bounded from below and the system is
stable. When it is no longer the case, the hyper-surface defined by K} K/g,, =0 (i.e.,
such that K, is no longer time-like) is called a Killing horizon. This geometry is the one
for stationary black hole. In this case, the Hamiltonian is no longer positive operator
and an energetic instability can occur, i.e., there exist some negative energy states. This
energetic instability is responsible for the emission of a particle flux by the black hole.
This is Hawking radiation.

3. In cosmology

An other case where we can define a preferred time is when space is homogeneous and
isotropic, as in cosmology. In such a case, homogeneity implies the existence of 3 Killing
vectors generating the translations in space. Time is then generated by the vector or-
thogonal to these three. In cosmology, space is filled by a fluid (the particles of which
being clusters). The preferred referential is then the one in which the fluid is at rest.
Hence, the (comobile) time is the time for an observer at rest with respect to the fluid.
Assuming one dimensional space, the space-time metric reads

ds® = —c2dt* + a(t)*dz?, (1.70)

where a is the scale factor and is a function of time. Eq. (1.70) defines a Friedman-
Lemaitre-Robertson-Walker (FLRW) space-time. Because there exists a preferred time,
we can express the Hamiltonian and canonical momentum associated to it. It does not

5. Killing vectors are generators of symmetries of space-time. See Chap. 3, Sec. II. A for a more
accurate definition.
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have exactly the form of a parametric amplifier because of the prefactor /—g = ac. It is
however possible to consider the renormalized field ¢ = /a ¢. The Lagrangian for such
field reads

L=y [ @087 - G708 -0 (1), L7)

where m?c' = m?c* — (H/2)? — 0,(H/2) and H = a/a is the Hubble parameter. The
last term is a total derivative and shall play no role in the equations of motion. The
canonical momentum associated to ¢ is then

oL ~
i= 22 94 (1.72)
00,0
and the Hamiltonian H = 3 [ dz [ (8.0)% + m2c4<;32] reads in Fourier components:
1 -2, olr P
H =3 [ k|| + ‘qf)k‘ . (1.73)

Here, w? = m2c*/h? + c*k?/a® depends on time. We hence have a collection of (complex)

parametric amplifier labeled by k. Hence, by a similar reasoning than the one leading to
Eq. (1.37), we get

o = ady + (@) [0F] = agi + (L) [0h] (1.74)
where ¢i/" ekt [\ /2wy, are the canonical modes for initial and final times. The

t— :I:oo
Bogoliubov (1.38) transformation then reads

ak = agal + B (a™)". (1.75)

Moreover, the initial vacuum is expressed in term of final states [see Eq. (1.41)]:

oI e

There have been here production of pairs of particles preserving homogeneity and isotropy
of space. The density of particles of momentum between k and k + dk is nidk where

et 10); - (1.76)

nic = (0], (@i) g [0)y, = |Bil”. (1.77)

These particles have been created by the evolution of space-time. The second quantity
that characterizes the state and that shall be of great use in Chap. 2 is the term defined
by

Ck = <O‘in CAlffk&k |0>in = akﬁ;ﬂk (178)

It quantifies the correlation between particles of opposite momenta.
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B. Local Lorentz symmetry breaking

1. Introduction of dispersion

In this section we wish to break local Lorentz invariance by introducing a non relativistic
dispersion relation, e.g., E? = m2c*+c?h*k*+k*/A2. The motivations have been given in
the introduction and come both from analogue gravity side and from the transplanckian
problem. However, any non relativistic dispersion relation breaks Lorentz invariance,
implying the existence of a privileged frame. In order to keep the full covariance of the
theory, we introduce a time-like unit vector field u. To keep second order in time and
linear equations of motion, the action for the scalar field is necessarily of the form, see
e.g., [JMO01al,

1

5=3

/ cdxy/=g [(u"0,0)> — ¢ f(V, L V,, [V, u!], ('V,u”)V,) 0] (1.79)
where L= g —ufu” is the space part of the metric and V,, is the covariant derivative.
In the relativistic case, f(x,y, 2) = m*—c*z. The first argument of f is a term introducing
dispersion in k2. The second in independent of k. It introduces a non minimal coupling
to the field with its environment. The third one is proportional to the acceleration of
u. Because u is a unit-norm field, its acceleration is orthogonal to it. It hence defines a
preferred direction in space, and odd terms in the dispersion relation.

In the full theory, the field u has to be considered as dynamic as well as the metric.
The theory that fixes the mean value of the field u is unknown to us. But because
this theory mixes the vector field and the metric, we shall suppose that the symmetries
of this two fields are similar. In particular, the Killing fields commute with u. In a
FLRW space-time, u is then expressed in the frame of Eq. (1.70) as u = ¢d; and hence
[D,,u"| = cH, u*D,u” = 0. Neglecting non minimal coupling, the Hamiltonian reads in
term of renormalized fields [see discussion before Eq. (1.73)]

1 o (1) -
Hzi/dz [W +¢f($82)¢}, (1.80)

where f is linked to f the same way /m was linked to m. The only modification with
respect to Sec. IV. A. 3 is hence at the level of definition of w? = f <;—’§2> In Chap. 4,
Sec. III, we shall compute 3 in a simple example of dispersive quantum field theory.

2.  kinematics

We here consider the kinematics for an interaction between particles having a superlu-
minal dispersion relation (w? = k% + k*/A?) in a flat space-time of any dimension. We
show that such a particle is instable and can decompose into two other particles, i.e., the
full theory necessarily contains dissipation.

We first consider the reaction 1 — 2 + 3 where each number ¢ represent a particle of
energy w; and momentum k;. Total energy and impulsion are conserved quantities:

w1 = wWa + ws, kl = k2 + kg. (].8].)
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Using dispersion relation and considering the square of these equalities, we get

2]{}2/{53(U2U3)2 + 2(]{5% + k‘%)UQU;J, + k’gk’g
A2

where k; = k;u;. In the limit ko, k3 < A, it is solved by

]2 = (1+i—%)(1+i—%), (1.82)

[UQU3 +

3(ko + ks3)?

o (1.83)

Ug2U3g = 1—

In the relativistic case, A — oo, we necessarily have usuz = 1. The two final particles
propagate in the same direction with the same speed. The final state is hence identical to
the initial one: reaction 1 — 2 + 3 is impossible. In the presence of dispersion, however,
uguz # 1. The final particles hence propagate in different directions. Reaction 1 — 243
is hence kinetically possible. When considering only one momentum £, the other ones
act as an environment and particles are dissipated.

3. Free field with dissipation

When considering free field, no interaction occur and reaction 1 — 2+ 3 is impossible. If
we wish to get dissipation without introducing interaction (theory for an interacting field
in curved space-time is not yet known), it is necessary to introduce by hand environmental
degrees of freedom and to couple our field to it as we did in Eq. (1.45). If the goal is to
get dissipation, it is also necessary to have, for each momentum k£, a continuous set of
environmental degrees of freedom. The environment then lives in a space-time having one
more dimension. The most general quadratic action then decomposes Sp = S4+ Sy + Sint
where S, is the free dispersive field action of Sec. IV.B. 1, Sy is the action for the free
environment W, and Sj, is responsible for the interaction. More details will be given in
Chap. 5 and in Part. ITI.

Conclusion

In this chapter, we introduced the notion of parametric amplifier both in classical and
quantum mechanics. We observed that many notions are common to both theories. In
particular, the notion of Bogoliubov transformation and the increase of the adiabatic
invariant are already present in classical mechanics. The latter translates in quantum
mechanics by an excitation of the system. The main difference between classical and
quantum theories is at the level of the ground state. Indeed, in classical mechanics, the
ground state remains the ground state as time evolves. On the contrary, in quantum
mechanics, the ground state of a parametric amplifier gets excited. In fact, the final level
is increased by a multiple of two and the transition probability is given by the Bogoliubov
transformation.

We then introduced the notion of quantum field theory and observed that for free
fields in homogeneous curved space-time, one can consider the field as a collection of
non coupled parametric amplifiers. The quantum excitation of vacuum then translates
for the fields as spontaneous creation of pairs of particles. On the other hand, initial
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particles also induce creation of pairs as in a classical (wave amplification) process. The
study of these pairs of particles in many systems is the main subject of this thesis. In
the next chapter, we shall see a tool that allows us to determine whether spontaneous
or induced pair creation contributed the most.



Chapter

Notion of separability

Introduction

When studying quantum field theory in analogue gravity, a key challenge is to identify
whether the produced particles are due to spontaneous or induced emission. Indeed, the
created particles come both from amplification of initially present (thermal) noise and
from the quantum process of vacuum amplification. To answer this question, the right
notions are entanglement and separability.

In this chapter, we first review some basics of quantum mechanics and entanglement
together with the definition of the separability criterion. As a second step, we recall
some useful tools to determine whether a state is separable or not. We also show that for
Gaussian states, the separability criterion often used is also a non separability criterion,
i.e., that only separable states verify that condition.

An even more practical tool for Bose Einstein condensates using directly observable
quantities will be derived in Chap. 7, Sec. III.C. No dynamics is considered in this
chapter.
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I. Quantum mechanics

A. Algebraic approach

We recall first the basics of quantum mechanics. Given a phase space, the different
observables are functions of the canonical quantities, e.g., ¢, 4>, p,---. Observables can
be summed, multiplied by (complex) scalars or multiplied to each other. In mathematical
term, they form an algebra A. A state w is then an application which associates a number
to an observable. This number physically corresponds to the mean value of the observable
(when making many experiments with the same state w). The state is supposed to be
a linear function of observables: w(AO; + uOy) = Aw(O1) + pw(Oz). We also impose
w(1) = 1, which translates the fact that the mean value of a number is this number. In
the following, we shall drop the notation 1.

Tn classical mechanics, we also supposed that w(0;0,) = w(O1)w(O,). This implies
that mean values can be identified with the observables [¢ = w(§)]. In particular, this
means that the spread in measurement of the canonical quantities is null. This fails to
be true in the real world because of Heisenberg inequalities, and this is the basics of
quantum mechanics. As a consequence, one can no longer suppose that w commutes
with multiplication. As an example, given some observable O, the quantity

~

AO? = w ([O (O)] ) w(0?) — w(0)? (2.1)

gives the variance of the measurement. This implies some probabilistic interpretation
for the observables.

Before considering equations of motion, two additional steps need to be taken. First,
a # structure is added to the observables by defining an antilinear operator [(A+AB)" =
At + X\*Bf] such that its square is identity [(A")T = A] and that it acts as reflection
[(AB)! = BYAf|. This means that T is an adjoint operation. To fix uniquely this quantity,
one supposes that canonical coordinates are self adjoint (qT =g, p' = p). Second, the
state is supposed to be positive, i.e., w(O") = w(0)* and w(OTO) > 0. This is to recover
that the mean values of position and momenta are real values, that their variances are
positive.

Given all these properties, one verifies that if w; and ws are two states, and if a €]0, 1],
then aw; + (1 — a)ws is also a state. States for which such a decomposition (other than
the trivial one w; = wy) exists are called mixed states. Others are called pure states.

One can show that when phase space is finite dimensional, there exists a unique
Hilbert space H (up to unitary transformation) and an irreducible representation 7' of
observables [such that 7(O) is an operator acting on the Hilbert space| such that for any
pure state w, there exists a vector in the Hilbert space [W¥) such that for all observable
O, w(0) = (¥|7(0) |¥):

VA, 3H, 3r: A — L(H), Yw, 3|T) e H, w(O) = (¥|x(0)|T). (2.2)

1. 7(0105) = 7(01)7(0y), = is linear, 7(Of) = #(O)f. For mathematical construction of this
Hilbert space, see the GNS construction [Wal94]. The uniqueness follows from the Stone-von Neumann
theorem.
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For mixed states, such a vector does not exist, but there exists an operator p € L(H)

~ ~

such that w(O) = Tr [,67?(0)]. Because of the assumptions made on the state, this

operator is Hermitian, positive, of trace unity. It is called the density matrix of the
state. When phase space is of infinite dimension, there may exist many different Hilbert
spaces, corresponding to different ground states of the theory. When restricting the class
of states (i.e., specifying the ground state), the Hilbert space becomes uniquely defined.
In the following, we shall identify observables with their representations, and states with
the corresponding vector in Hilbert space.

In the kinematic description of a system, the canonicity of variables now translates in
commutators ([¢, p] = ih) instead of Poisson Brackets. Using Cauchy Schwartz inequal-

ities, one shows that v/A@AP > 1/|[¢,lI* /4+ ({d — (@) .5 — (p)})* > h, which is the
Heisenberg uncertainty relation.

When treating the dynamics of the system, one needs the time evolution of (¥| O |¥).
To fix it one requires that this coincides with classical equations of motion for the canon-
ical coordinates. One also requires the superposition principle, i.e., equation of motion
is linear in |¥). In Schrodinger representation, the observable is supposed to be time
independent while the state vary. One can then show that the equation of motion is
the Schrédinger equation, Eq. (1.19) as we saw in Eq. (1.21). The possibility of writing
equations of motion in term of pure state follows from unitarity which imposes that a
pure state remains so after time evolution.

To summarize, quantum mechanics follows from three assumptions: unitarity of the
evolution, the superposition principle, and the Heisenberg uncertainty principle (at the
level of canonical commutators). The fact that time evolution of mean values of canonical
coordinate coincide with the classical mechanics predictions fixes the equivalence between
classical and quantum system.

B. Mixed states

1. Natural light

To show the interest of mixed states, we consider in this section the polarization of
natural light. If one measures polarization of light in any direction, one will observe that
half of the photons pass through the polarizer and half are blocked. One can show that
such a system can not be described in term of a pure state |¥). Indeed, vector space
of this state is dimension 2 and an orthonormal basis is |—),|1), i.e., states polarized
horizontally and vertically. Hence, any state |¥) is written

W) = e cosf|—) +e “sind|1). (2.3)

Because state is not polarized when measured with respect to horizontal axes, one de-
duces that § = w/4. If we rotate the axis and make the same remark, it comes that

a = /4. But this state has a circular polarization, which is not the case for natural
light. QED.
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2.  Density malriz

To describe general system (including natural light), we then need to represent mixed
states. To do so, we use the density matrix of the state. It can be written as statistical
superposition of pure states

EDIN DA (2.4)

where p,, > 0 corresponds to some (statistical) probability. p, can also be considered as
the eigenvalues of the density matrix. The mean value of an observable O is then the
statistical superposition of the different mean values

(0) =Tt (50) = > pu (W, O |W,.). (2.5)

Pure states can be recognized as they are the only states for which the density matrix
satisfies Tr (p?) = 1, or equivalently, they are the only states for which the entropy is 0,
where the entropy of a mixed state is defined by

== pulogp, = —Tr (plog ). (2.6)

The states with the maximum of entropy are states for which all probabilities equal.
They are proportional to identity.
For natural light, the state pyp is easily written as

pr = 5 =) (14 1D (1] 2.7

Because the matrix is proportional to identity, it reads identically in every orthonormal
basis. Hence, for all projector O = |¥) (U], we have Tr <ﬁNpO> =1/2. QED.

3. Reduced state

When considering a subsystem of some large system, the subsystem is generally char-
acterized by a mixed state. We obtain the corresponding density matrix by tracing all
other degree of freedom. The new state is called reduced state. To be explicit, consider
an orthonormal basis of states that is factorized |V 4) ® |Wg), the first part describing the
subsystem and the second describing the rest of the system. Then, for any observable
O on the subsystem A, we have

Tr (pOa) = Y (WAl @ (V| pOA|WA) @ [Up) =Y (Wa| pa04 |Va) = Tra (pa0a)

A,B A

(2.8)

where p4 = > 5 (Up|p|¥p) is the reduced state. Even in the case where p was pure,
there is no reason why p4 should be also pure. As an example, consider the two photon
polarization pure state |¥) = (|—=) ® |[=) + |1) @ [1))V/2. After tracing out the second
photon, the density matrix describing the state of the first photon is pyp of Eq. (2.7).
We already showed that this state is not pure.
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C. Separability

1. Definition

The notion of separability is linked to the notion of entanglement. We consider here a
system composed of two subsystems A and B.

Two kinds of pure state can exist. Either it can be factorized |V) = |V 4) ® |¥p), or
it cannot. When it is factorized, the mean value of any factorized observable O A ® OB
is the product of the two mean values. This case corresponds to having disconnected
experiments that were prepared independently. When the pure state can not be factor-
ized, it can violate some Bell’s inequality, and hence cannot be described by statistical
ensemble.

In mixed states, R.F. Werner introduced the notion of separable state [Wer89]. He
considered the following apparatus: imagine some random generator picking number n
with probability gyn Given the value of n, an experimenter prepares the system in the
factorized state pnA) ®p$LB). Because the random generator can be considered as classical,
the state is classically entangled. Tt reads explicitly

p=> puri) @ pP). (2.9)

States that cannot be written in such a way are called non separable, or quantum me-
chanically entangled.

A state is not separable in itself. The notions depends on the two subsystems A, B we
consider. For example, consider some homogeneous state. When considered in Heisen-
berg representation, the subsystem of given wave number k£ can be initially separable
[when considered the two Hilbert spaces generated by (ai )T| and non separable after
time evolution |[when considered the two Hilbert spaces generated by (a5%)7]. On the
other hand, because we are in Heisenberg representation, the state is the same.

2. Interest of the concept

The concept of separability is a key concept in analogue gravity when one tries to identify
some intrinsically quantum phenomenon such as pair particle production from vacuum.
Indeed, in analogue gravity, one has three different phenomena that resemble much. The
first one is the amplification of some (macroscopic) incident wave. It is not different from
the parametric amplification of the classical harmonic oscillator of Chap. 1, Sec. I. The
second is the amplification of inherent thermal noise. It leads to induced particle pro-
duction. The third one is the amplification of quantum vacuum leading to spontaneous
particle production. When we have only the second channel, the final state is always sep-
arable, even though there is coherence. When only the third channel is present, the final
state is (maximally) non separable. The fact that the final state is non separable (when
the initial state has no coherence) is then the sign that spontaneous particle production
from vacuum significantly occurred.
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II. Peres Horodecki criterion

We consider here a two mode state (it can be the reduced state of some larger state)
engendered by creation operators af and b.

A. Partial transpose

One of the most general criterion to determine whether our state is separable or not
is the Peres-Horodecki criterion. This criterion needs the notion of partial transposed
state. It is the density matrix one obtains when transposing only the part corresponding
to the subsystem a. Formally, this means

(ial ® (] £ lja) ® [6) = (Jal ® (] 7 lia) @ |13) (2.10)

where iq, jo (resp p, 1) are any vectors depending only on af (resp bt). If the state is
separable, since the (total) transpose of a physical state is a physical state, it is obvious
that the partial transpose is a physical state 2.

The equivalence statement is not true in general but only when Hilbert space is
dimension 2 x 2 or 2 x 3. In a more general case, one has to generalize the partial
transpose, see Ref. [HHH96]. The generalization is the following: a state p is separable
if and only if for all positive linear maps A (from first subspace to the other), (A ® I)p
is positive. When p is separable, because A(p%A)) and ngB) are positive, the statement
is trivially true. The equivalence necessitates more tricky demonstration. We shall not
present it here, since we won’t use it in the rest of the thesis.

An other case where the equivalence is true is in continuous variables (bipartite)
(GGaussian system. Because this is a useful case for this thesis, we treat it in the next
subsection. It is largely inspired from Ref. [Sim00| and includes more details.

B. Gaussian case

1. Wigner and P function

We consider in this subsection a Gaussian bipartite state. It is then characterized by a
Gaussian Wigner function, see Eq. (1.44). For a bipartite state, there are 4 canonical
variables, namely Q = (¢%, p%, ¢°, p’) which form a vector. The covariance matrix is then

V = TrpQqQ. (2.11)

One can show that in term of this, the Wigner function for a Gaussian state is determined
only by the covariance matrix and the first momenta Qg = TrpQ.

e*(Q*Qo)V_l(Q*Qo)/2

W@ = 2m)idetV (2:12)

2. A physical state p is a hermitian operator of trace unity and such that for all pure state |¥),
(¥|p|¥) > 0, or equivalently with all eigenvalues positive.
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In some cases, we can define the P representation of the state as

e_(Q_Q)Q

w(Q) = /dQP(Q)T. (2.13)

Because the Wigner function of a coherent state a|a) = (go + ipo) |a) has the Gaussian
form W,(q,p) = e~ (@ D*~=P) )z this decomposition implies that

p= / GP(O) |} ol o) (au]. (2.14)

In the case one can define a P representation that is positive, the state is separable.

We shall here inspire from this P representation to try to decompose our state in
term of coherent state in (Gaussian) superposition of Gaussian factorized states, i.e.,
Wipeom@.0)(Q) = e~ (@ IPH Q=2 /472 /det D where D is 2 x 2 block diagonal, each
block being of determinant larger than 1/4. The state

e~ (Q@—Q0)Z~1(Q—Qo)/2
4/ det Z

where Z is a positive symmetric matrix, is the separable state with TrpQ) = @y and
covariance matrix V = Z + D. From this, we deduce that any Gaussian state for which
the covariance matrix reads Z+ D with Z positive and D block diagonal, each block being
of determinant larger than 1/4 is separable. By writing Z = v/D(D~'/2V D~1/2_1)y/D,
we get that if the covariance matrix is such that D~'/2V D=2 — 1 is positive, then the
state is separable.

Physically, D~%/2VD~Y2 — 1 > 0 means that there exist some canonical transfor-
mation on both sectors separately such that the subfluctuant mode (i.e., the smaller
eigenvalue of the full covariance matrix) is larger than 1/2.

(Pa @ p)(Q, D), (2.15)

Q0 2) = [ dQ

2. Gauge choice

We notice that making any Bogoliubov transformation on a and b separately does not
modify the separability of the system, since it is equivalent to multiplying the state by a
block diagonal operator on the right and on the left 3. Moreover, it does not spoil either
the fact that p’e is positive operator. We can then chose a gauge by imposing

Trpaa =0, Trpbb=0, Trpa'be R, Trpab € R, (2.16)

This implies in particular that Trpg;p; = 0. With such a choice, the covariance matrix
reads

n 0 ¢ 0
0 n 0 (¢

V = c 0 m o0 (2.17)
0 & 0 m

3. This operation is often called LOCC: Local Operations and Classical Communication
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In this gauge, we look for a matrix D diagonal, with each of the two submatrix of
determinant 1/4. Tt explicitly reads 2D = diag (2?y?, 1/2%y?, y*/2%, 2 [y?) where z,y
are free parameters. This implies that

nz?y? 0 cy? 0
_ _ 0 n/z*y* 0 d Jy?
1/2 1/2 _
D2V D 2| 42 o gt /2?0 (2.18)
0 0 mx?/y?
The eigenvalues of this matrix are
y? <n$2 +max~% £ \/(na? — max=2)2 + 402> :
(2.19)

y 2 <nx72 +ma? £ /(nz—2 — ma?)? + 40’2) .

The two with minus sign can be made equal to each other by choice of y. Moreover,
their product is

Pow = (nxz +ma? —\/(nz? — ma—2)2 + 402>
(2.20)

X (m:_Q + ma? — \/(nz=2 — ma?)? + 40’2> .

|clntm|c|

=T and at this value, it is
|c|m—+n[c/]® ’

This, seen as a function of z is extremal for 2* =

P = 2m® + 2n* 4+ 4 |ed | — 2\/4(\c| n+ml|e))(|c|m+nle]) + (m? —n2)?.  (2.21)
When this quantity is larger than 1, D=2V D~1/2 — 1 is positive and the state is sepa-
rable. Moreover,

m? + n?

T tmn (+ 7). (2.22)

low

1 2
PR > 1 & (Z — |cc'|> +m*n? >

The right hand side of this equivalence is the Peres Horodecki criterion defined in
Ref. [Sim00]. Under gauge invariant form, it reads in one of the two equivalent forms

det A+det B |detC]| +i

4 2 16
det A+ det B
4

det V — >0, (2.23a)

1 2
(Z — |detC|) + det Adet B — —tr (AJCJBJCTJ) >0, (2.23b)

where the different 2 x 2 matrices are defined by

A C
and J is the symplectic matrix.

The conclusion of this subsection is that if Eq. (2.23) is fulfilled, then there exists
some operator D such that D=2V D~1/2 —1 > 0, and hence the state is separable.
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3. Positivity of the state

From the positivity of the state, we get the positivity of

[, B,7,8) = Trp (aqe — iBpa + ¥qb — 10ps) (Aqa + i8pa + Yqy + 10ps) - (2.25)

This is a quadratic function of « that is always positive. The associated discriminant is
hence negative. The discriminant is still a quadratic function of 5 and of constant sign.
Its own discriminant is hence negative. Repeating once again the operation with v, we
obtain that*

det A+detB detC 1
— — > 0. 2.26
4 2 * 16 — (2.26)
The computation is long but not difficult. It won’t be presented here.
The covariance matrix of p’= is obtained from V by multiplying by —1 the second

line and the second column. Hence, det V,det A and det B are unchanged while det C' is
multiplied by —1. In the case p’® corresponds to a physical state, we then have

det A+ det B n det C' N 1
4 2 16

Egs. (2.27) and (2.26) imply Eq. (2.23).
To conclude this section, we have that a Gaussian state such that p’ is physical

is separable, then implying the equivalence. Moreover, a practical criterion is given by
Eq. (2.23).

detV —

detV — > 0. (2.27)

C. State with symmetries

In many physical systems, some symmetries occur and we have det V' = (v/det Adet B —
|det C)2. This happens for example, in homogeneous or stationary systems. In this case,
Eq. (2.23a) reduces to

1 det A det B
[ﬁﬁ?+1—“e +vde

1 Vdet A+ det B
\/detV—f—Z—l—\/e Vet Bl (2.28)

2 2

The second term is always positive, and hence, separability is equivalent to
(\/detA - 1/2> <\/det B - 1/2) > |det O (2.29)

In what follows, to fix ideas, we assume homogeneity of the state. It translates identically
to stationary systems. The creation and annihilation operators are then labeled by
momentum k. If both sectors are labeled by momenta of different absolute value, then
no entanglement can occur. Hence, two interesting cases can occur: Either the state is an

entanglement of two co-propagating modes aL, bL or two counter-propagating modes aL,

4. To obtain this equation in a general gauge, it is necessary to treat both real and imaginary parts
of the 4 coefficients. In the gauge of the previous section, this result falls even when we assume the 4
coefficients to be real.
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bT_k. Because of homogeneity, in both cases, covariance matrices A, B, C' are diagonal.
Moreover, A and B are proportional to identity and we have A =n,+1/2, B =n,+1/2

where n, = <aLak> and similarly for n,.

In the case where modes are co-propagating, the matrix C'is such that det C' = |dk|2,
where dy = <a£bk>. Because det C' > 0, positivity of the state [see Eq. (2.26)] implies

separability [see Eq. (2.23)]. Eq. (2.29) reduces to |di|> < non, is always fulfilled.
In the case modes are counter-propagating, the matrix C' is such that det C' = — |ck|2,
where cx = (axb_x). The positivity of the state then implies

e < na(ny + 1). (2.30)
For separable states, Eq. (2.29) reduces to
\ck|2 < NgNy. (2.31)

Hence, separable states are such that |ck|2 < ngny and Gaussian homogeneous states
such that |c;|* < nqny are separable. This criterion was first used in Ref. [CP05a] in the
case ng = Ny.

To get a measure of the non separability of a state, three different parameters can be

introduced and are used in different systems. The first one was introduced in Ref. |[CP08a]
and is dy defined by

ek = na(np + 1 — di). (2.32)

This parameter belongs to [0, n, + 1]. Jx = 0 corresponds to maximally entangled states
whereas 0 = n,+ 1 corresponds to states with no coherence (i.e., thermal) [CP05a|. The
limit of non separability is given by 0 = 1.

The second parameter comes from a more pragmatic point of view and is defined by

Ak = NgMyp — |Ck|2 . (233)

The third one replaces the definition of Eq. (2.33) in the case where n, = n, = ng. In
such a case, because the equation factorizes and because n + |¢| > 0, we define

Ak = ng — |Ck| . (234)

We use the same notation for the second and the third definition since they do not apply
in the same case; no misunderstanding can thus occur. One can show that the isotropic
Ay obeys —1/2 < ny — /ng(ng +1) < Ax < ng, where the minimal and maximum
values characterize, respectively, the pure (squeezed) state and the incoherent thermal
state. In addition, whenever A < 0, the two-mode state is nonseparable. Notice that
A is linked to the logarithmic negativity Ejx introduced in Ref. [VWO02] and used in
Refs. [HRFC10, HSR"11]. Indeed, for Gaussian two-mode states with n, = n_y, one
finds Ey = max|—log,(1 4+ 2A), 0] which is positive only if A < 0.
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Conclusion

We saw here an unambiguous way to determine the existence of spontaneous processes,
even when [ and the initial temperature are not known. This allows experiments to test
the quantum nature of the vacuum. We also saw a quantifiable criterion that implies
non separability and that is equivalent to it in many cases.



Part 11

We have simply arrived too late in
the history of the universe to see
this primordial simplicity easily...
Steven Weinberg

Quantum effects in de Sitter space
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Introduction

The two main predictions of quantum field theory in curved space, namely black hole
radiation [Haw75, BD84, BMPS95b| and primordial spectra in inflation [Sta82, MC82,
MFB92| share many properties. In particular, both spectra stem from vacuum fluc-
tuations with extremely short wave lengths [Jac99]. They are therefore in principle
sensitive to the ultrahigh frequency behavior of the theory. To check this sensitivity, fol-
lowing [Unr95|, nonlinear dispersion relations, which break the local Lorentz invariance,
have been used in the context of black holes [BMPS95a,CJ96, BEFP05,US05,CPF12] and
in cosmology [MBO1, Nie0O1,NP01, MP0§|. In homogeneous cosmology, time dependent
modes with a fixed comoving wave vector have been used, whereas for black holes, the
analysis was based on stationary modes. In spite of this, the two cases are unexpectedly
similar, as we shall show.

Moreover, for free fields, relativistic or dispersive, this pair creation (also called the
dynamical Casimir effect in condensed matter physics, see e.g., Refs. [CBFR10,JPBT12])
is associated with the building up of nonlocal correlations that lead to quantum mechani-
cally entangled states [CP04,CP06|, see Chap. 2. For dissipative fields, i.e., fields coupled
to an environment, there is a competition between the squeezing of the state, which in-
creases the strength of the correlations, and the coupling to the external bath, which
reduces it [CP05a, PRO7, CP08a, CP08b].

In the present part, we analyze dispersive and dissipative fields in de Sitter space
for two reasons. First, since de Sitter endowed with a cosmological preferred frame is
both homogeneous and stationary, high frequency dispersion can be studied along both
approaches. This will allow us to relate them in a very precise way. We shall see that
their compatibility relies on a two-dimensional symmetry group which is a subgroup of
the de Sitter isometry group [EJ06|. Because the generators of the two symmetries do not
commute, in each approach only one symmetry is manifest, while the other is somehow
hidden. In fact, this extra symmetry has been exploited in the black hole near horizon
approximation of Refs. [BMPS95a, CJ96, BEFP05, US05, CPF12], but without noticing
(in general) that it relies on properties that are exact in de Sitter space.

Second, the main consequence of high frequency dispersion, that is the loss of the ther-
mality of the spectrum, has raised deep questions concerning the relationships between
Lorentz symmetry and black hole thermodynamics [Jac91, Jac93, Jac96]. It has been
claimed that this loss should lead to violations of the second law [DS06, EFJW07,JW10].
These issues are particularly relevant when working with extended theories of gravity,
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such as Einstein-aether [EJMO04| or Horava gravity [Hor09|, see Ref. [BS11].

The part is organized as follows: in Chap. 3, we introduce de Sitter space and its
symmetries. We also introduce the affine group and show that theories invariant under
this group are dispersive and dissipative theories. In Chap. 4, we consider only dis-
persion. We demonstrate that the Bunch-Davies vacuum is no longer thermal for any
(superluminal) dispersion relation. We also show that it is the only stationary stable
state. The departures from thermality and the S-matrix are then exactly calculated
for a quartic superluminal dispersion relation. In Chap. 5, we present the action which
engenders dissipative effects while conserving covariance. Exploiting the homogeneity
and stationarity of de Sitter, we compute the spectral properties and the correlations of
pairs with opposite momenta and the deviations with respect to the Gibbons-Hawking
temperature. We then apply our model to black holes in Chap. 6 and show that the
main result apply in black hole geometries. We work in units where A = ¢ = 1.



Chapter

Geometry

Introduction

De Sitter space-time was first discovered as a solution of the equations of motion for
gravitation in vacuum, in the presence of a (positive) cosmological constant. It is thus
a maximally symmetric solution with a non vanishing (and positive) curvature. When
completing the space time so that the particle reach infinity in infinite proper time, it
has been shown that the de Sitter space time is embedded in a flat space-time

We here define the de Sitter space from this embedding and identify its invariances.
We then break minimally the symmetry so that local Lorentz invariance is broken. In
the last section, we identify the simplest representation for fields and observables on de
Sitter that are invariant under the remaining symmetry.
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I. DE SITTER SPACE 43
I. de Sitter space

A. Definition

Consider Minkowski (flat) space-time in 2+ 1 dimensions in the Cartesian frame so that
the metric reads ds* = —dx3 + dz? + dz3. The 1+ 1 dimensional de Sitter space-time
is the hyperboloid of one sheet described by the equation —xf + 2% + 22 = H 2 A
coordinate set describing the whole space is given by ((, ) defined by

Hzy =sinh(, Hxy =cosh(cos#, Hxy = cosh(sind. (3.1)
Using these coordinates, de Sitter space time’s metric is
H?*ds* = —d¢? + cosh® (d6?, (3.2)

and the whole space-time is covered by (¢,0) € R x [—m, 7[, with (¢, —m) identified to
(¢, m). It is then geodesically complete, in the sense that any geodesic reaches infinity
with an infinite proper time. This property is inherited from the Minkowski space time.
Given this definition, the de Sitter space-time has constant curvature and is maxi-
mally symmetric, i.e., the Riemann curvature tensor reads R, 0 X 8u,8v0 — 8vp8pc-

B. Poincaré patch
It can be useful to introduce two other sets of coordinates (7, X) and (, z) defined by
e = eff" —ginh ( 4+ coshcosf, HX =cosh(sinf, z= Xe 7" (3.3)

The inverse transformation is
H2X2 -1 + eZHT

sinh ( = ,
2eftT (3.4)
0O HPX7 4 @R L AHPXPETT — (1— HX? 4 ¢1)
n— = .
) 2H Xel™

This inverse transformation is only defined as long as |#| < arccos(—tanh(). This
subpart of de Sitter space-time is called Poincaré patch. The complementary part is
obtained by symmetry PT), i.e., replacing (ef!, X) by (—e’!, —X) in the definition, or
equivalently ((,0) by (—(,0+m). The Poincaré patch and the surfaces of constant ¢, X, z
have been represented in Fig. 3.1. The axes have been chosen so that diagonals are light-
like curves. Indeed, the light-like curves are defined by ¢ = L(6) with L' = 4 cosh(L).
This differential equation is solved by arcsintanh ¢ = £(6 — 6,).

With such definitions, the metric of the space time restricted to Poincaré patch reads

ds? = —dt? + 2'd2? = —dr? 4 [dX — o(X)dr)?, (3.5)

with v(X) = HX. The Poincaré patch can hence either be viewed as a spatially homoge-
neous isotropic (i.e., FLRW) expanding space-time, or a stationary space-time with two
black hole horizons (in higher dimension, the horizon becomes a sphere). However, it can

not be viewed at the same time as homogeneous and stationary for algebraic reasons,
see Sec. II. A.
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Figure 3.1: Penrose diagram of de Sitter space. The light like curves correspond to
diagonals with a 45 degrees angle with respect to vertical. In black are the surfaces
t = cte. They span a triangle which constitutes the Poincaré patch. In red are the
surfaces X = cte. The plain line is HX = 1, the dashed line is HX < 1 and the dotted
line is HX > 1. In blue are the surfaces z = cte. The dotted curves correspond to z > 0
outside the Poincaré patch (the z > 0 inside Poincaré patch have not been represented).
Solid line correspond to large (negative) value of z and dashed to lower value of z.

II. de Sitter group

A. Killing Algebra

A Killing vector K is the generator of a symmetry of space-time. It is such that the
metric is the same at two point infinitely close with a distance proportional to K, i.e., by
a coordinate transformation x* = x* 4+ e K*, we have at first order in € g, (x') = g, (x).
Because the metric is a tensor, we have g/, (x') = (£, +€0,K?)(07 + €0, K7)gpo (x+ €K) ~
guw(x) + €(0,K’g,, + 0,K*g,, + K0,g,,). The equation for a Killing vector is the
cancellation of the last parenthesis, of equivalently, using covariant derivatives V,,:

VK, +V,K, =0. (3.6)

If in a coordinate system, the metric is invariant under one of its coordinate, say z* then
the vector 0, is a Killing vector field.

The three different coordinate systems introduced in Sec. I. Each emphasizes one
Killing vector. We express them as

Ky = 0p¢, Ki=0rx, K.=0,. (3.7)
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It can be shown that these 3 Killing vector fields engender the whole Killing algebra of
the space-time. It corresponds to SO(1,2) algebra and we have

(Ko, K] = HKy — K., [K,, Ky =—-K;, [K;K,]=HK,. (3.8)

B. Invariant quantum field theory

We here investigate which of the free scalar local quantum field theories (QFT) would be
invariant under the full de Sitter group SO(1,2). Because we restrict ourselves to free
scalar and local QFT, the equations of motion are of the form O¢ = 0 where O is some
differential operator that commutes with the three Killing vectors. The most general
local operator acting on scalar fields can be written in the homogeneous frame (¢, z) as

Z m(t, 2)0m0M. (3.9)

nm:

Imposing that O commutes with K., implies that the « functions depend only on t.
Imposing that it also commutes with K; implies o, ,,(t) = amme_”m, where a, ,,, are
constants. Hence, O is necessarily of the form

) = Z Qpme O™, (3.10)

n,m=0

When we impose the invariance under the third generator, namely Ky, the only invariant
operator are necessarily functions of the Casimir of the group, i.e., O = —0? — HO; +
(e H9,)? = —K? + K.Ky + KyK, — K?. This is simply the d’Alembertlan of the space-
time. Hence, no dispersion can occur.

III. Affine group

A. Algebra

We here suppose that the de Sitter group is minimally broken. We hence need to pick
two independent vectors in the three dimensional space of Killing vectors so that their
commutator linearly depends on the two. These engender the affine group. Such a pair
is necessarily of the form

Ky =sin(f — 6y)0 + [1 + tanh ¢ cos(6 — 6)] Oy,

A1
Ky = cos( — 6y)0¢ + tanh (sin( — 6y)0y. (3.11)

Choosing the origins of 6 such that 6, = 0, the affine group becomes engendered by
K, K,. The affine algebra is then

(K, K. = HK.. (3.12)
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We notice that the affine group has no Casimir operator in the sense that the universal
enveloping algebra —i.e., the polynomials in K;, K, of the affine group has no element,
but the identity, that commute with the affine group. However, the local operator
invariant under this affine group are more general and given by Eq. (3.10). In fact,
defining ug and sg as the two orthonormal vectors that commute with K;, K, and such
that ug is freely falling ', [i.e., s, = e %0, and uk9, = —9,| Eq. (3.10) means that the
most general affine group invariant operator is a function of w0, and sg0,. In addition
we notice that ug and sg obey

(ug, sg] = Hsg, (3.13)

which is the affine algebra of Eq. (3.12). Hence this algebra is intrinsic to the cosmological
frame on de Sitter space. Eq. (3.13) follows from the fact that the commutator [ug, sg]
must be a linear combination of ug and sg since they are the only fields that commute
with K; and K,. Tt is equal to sy because ug is freely falling. The preferred time
associated to ug is the cosmological time.

B. Field theory

Using the operator O of Sec. 1. B, our program is to treat OAngS = ( as defining the general
field equation. To this end, we impose that O be second order in some (preferred) time
derivative. We name w« the unit time-like linear combination of ug and sg such that O is
quadratic in u. s is the unit space-like linear combination of ug and sg that is orthogonal

to u. Because s is space-like and w is time-like, P= —15"0, is the preferred momentum
operator, and 2 = —iu"0, the preferred frequency. The general form of the operator O
is

O =02+ g(P)Q + h(P). (3.14)

Next we impose the invariance under the discrete parity symmetry s — —s. This implies
that g and h are even functions of P. In higher dimensions, this condition would follow
from the requirement of isotropy (in fact, isotropy also imposes that u is freely falling
since its acceleration is orthogonal to u and would define a preferred direction). The
last important condition is that O be compatible with a unitary evolution [Par07]. The
proper way to specify this condition is the following: the part of O that is even in
describes dispersive effects and should be self-adjoint, whereas the odd part describes
dissipative effects and should be anti-self-adjoint, where the adjoint is defined by

/ d*xy/—g®* (OV) = / d*x/—g(OT®) 0. (3.15)

To sort out the contributions which are due to the expansion, it is useful to introduce
the self-adjoint operator Qe = % (Q + QT> Then, the “unitary” operators are given by

O=-02 —i ('yQ i Qv) +F2 (3.16)

1. this is unique up to changing s to its opposite —s.
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where vy, and F,, are both real functions of PTP.

The function Fj, describes the dispersive effects compatible with the affine group.
Instead, the function ~,,, which multiplies the odd term in €2, describes the dissipa-
tive effects compatible with it. It precisely matches the set of 4 functions introduced
in [Par07, ACNPOS| to describe dissipative effects that are local in time, and that obey
the generalized equivalence principle (GEP), which states that the action must be a sum
of scalars under general coordinate transformations which reproduce those one had in
Minkowski space-time endowed with a homogeneous static u field. This agreement is
nontrivial and follows from the fact that, on one side, the GEP implies that the field
equation can only depend on the two scalars () and P defined by the metric g and the
u field, whereas, on the other side, Q) and P are the two invariants under the generators
K; and K, of the affine group.

We note that the different frequencies and momenta are not independent quantities.
The freely falling momentum Pz = sid, and frequency Qg = ugd, are linked to the
conserved momentum k = K*0, and frequency w = K}'0, by

Pr=ke™™ Qp=w-— HXP;. (3.17)

As a final comment, we notice that the affine group is closely related to Fourier and
Mellin analysis [MF53]. When working on the representation of the affine group £3(R),
the eigenmodes of —iK, = —id, of eigenvalue k are the plane waves e?**, whereas those
of —iK; = —iH(20, +1/2) of eigenvalue w, are ¢ = 0(£z)(£2)*/H-1/2. The latter live
on either side of z = 0 and they correspond to Mellin modes. They are complete for
w € R (since invertible) on £?(RT). Hence, to have completeness on functions of R, one
needs two families of Mellin modes, on either side of z = 0, given by ¢=.

C. Characteristics of the modes

When u is no longer freely falling, because the only vectors that commute with K; and
K, are the linear combinations of ug and sg, so is u. O ne generalizes Eq. (3.17) by
writing the orthonormal character of u, s under the existence of some real parameter &
so that

u = cosh ug + sinh ésg, s = sinh &ug + cosh Esg. (3.18)

The acceleration of u is then constant and one has u*D,s, = sinh? EHug. The same
equalities read at the level of frequencies and moment €, P using Eq. (3.17):

Q = cosh £w + (sinh & — cosh EH X ) ke F*,

_ ) Ty (3.19)

P = sinh éw + (cosh & — sinh EH X ke ",

Writing the dispersion relation (without dissipation) Q? = F?(P?), one gets an implicit
version of the characteristics equation.

Moreover, the preferred time, defined by the assumptions that equations of mo-

tion are second order in time (i.e., s contains only space derivatives, or equivalently

u,dat o diprer) 1S tper = t — log|cosh — HX sinh&| /H. This time is ill defined
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Figure 3.2: We draw here the characteristics of a dispersive field with a superluminal
dispersion relation F(P?) = P?(1+ P?/2/A)? with A = 10H, w = H. The acceleration of
the w field is fixed by £ = —0.1 in ¢, X coordinates (left panel) and £ = —1.5 in a Penrose
diagram (right panel). In blue dotted line, we represent the positive norm V' mode and in
purple dashed line its negative energy partner. When they reach the universal horizon,
they are so redshifted that they behave relativistically. In their past, however, they seem
to appear at some initial ¢,.s and were absent at ¢ — —oo. The green dashed and red
dotted curve (hardly distinguishable on the left plot) are trapped V' modes inside the
universal horizon. They seem to exist only for a finite lifetime. The yellow solid and
green dot-dashed curve are the U modes. In the presence of acceleration, they emerge
from the universal horizon. We also note that all mode is included in the Poincaré patch,
justifying the left panel representation. In black dots are represented curves of constant

tpref .

on the universal? horizon cosh{ — HX sinh¢ = 0. With such definition, w,dz" =
—(cosh& — HX sinh €)dt,er. Because the prefactor changes its sign inside the universal
horizon, the flow of particles goes backwards (in preferred time) within this region.

In Fig. 3.2, we represent the different characteristics of the mode. The dimensionality
of modes seems at first glance to be 6. There are two U modes represented in black and
dashed red (the red one has negative energy and the black one has positive energy), two
conventional V' modes in blue and magenta and two modes trapped inside the universal
horizon. The fact that the two (low energy) out modes can traverse the universal horizon
is not a surprise. On the first hand, since they are extremely redshifted, they behave
relativistically and do not feel the universal horizon. On the second hand, when they
reach the universal horizon, they reach ?,c,+ — 0o. Inside the horizon, they propagate
under decaying tpes.

2. In the presence of dispersion, even though the group velocity of the modes can be infinite, if the
vector field w is not freely falling, there exists a region in space from where modes can not escape. The
limit of this region is called universal horizon [BBM12|. It is situated at + = —10 on Fig. 3.2. This
concept was introduced by Sibiryakov in a talk, and further described in [BJS11,BS11].
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An analytical analysis shows that at large values of X, the modes follow curves
of constant HXe 7t ~ e Hiwet. The value of this constant is +w/k for the outgoing

relativistic modes and tw/k + A/k‘\/Qe*m/ sinh® |¢| for the other ones. Because of this
similar behavior, the 8 roots of these modes take their origin on the same limit in a
Penrose diagram, i.e., ¢ — oo with 6 finite (and different from 7). The four remaining
curves take their origin at finite value of X but infinite time. This corresponds to {( — oo,
0 = sgn(&)r.

The fact that incoming and outgoing modes have the same asymptotic behavior is
an indication that the theory may be ill defined. In particular, the identification of a
Cauchy surface where initial conditions have to be chosen is highly non trivial.

When the u field is not accelerated, the Cauchy surface is much easier to identify.
Indeed, in such a case, there is no universal horizon and all the modes originate from
toref = t — —o00. In the following, for reasons of simplicity, we shall consider the case
where u is freely falling and drop the subscript ff.

IV. P-representation

A. One point functions

Given the two symmetries engendered by K;, K, the scalar fields can be decomposed
either as

> dk zkz
o= [ =), (3.20)
Oor as o d
o= Y et (X). (3.21)

—oo H\ 27

In the k-representation, Eq. (3.16) gives the second order equation®

1 k? k? k? k2 H?
——0,a(t)0 sa O + 0¢Ysa Hns, F2(—=)+— t)=0
L(t) ta() t+(7 ( () ) s + O, ( (t) )_'_ s ( (t>2))+ Sa(a(t)2)+ 4 ¢k<)

(3.22)
As in all cosmological spaces, see e.g., Ref. [MP08|, the general (homogeneous) solution
thus lives in a two-dimensional space and takes the form

Pr(t) = Axdr(t) + (B_xor(t))" (3.23)

In de Sitter, because of the affine group invariance, the k and ¢ dependences in Eq. (3.20)
can be combined in a single variable P = Hke !, Indeed Eq. (3.22) can be rewritten
as

H?P?0% — HP? (’Vsagj >a + Op %af )) + F2(P?) + H?/4| x(P) =0. (3.24)

3. In a theory with dissipation, (v # 0), unitarity imposes that the rhs is different from 0. In this
section, we neglect the rhs and we only consider the differential operator of the lhs. For the construction
of a unitary dissipative theory, we refer to Chap. 5.
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This possibility is due to the presence of the “spectator” Killing field K;. Whereas K,
guarantees that k-modes separate, K; tells us that Eq. (3.22) is invariant under

t—=t+T, k— ke PP (3.25)

This implies that ¢x(¢) only depends on ¢ only through P = ke #!. Eq. (3.24) can be

further simplified by extracting a decaying factor from y: if we pose y = e/ 4P (P?)/PHy
Eq. (3.24) translates to x as

[H2P?3% + FA(P?) + H2/4 — 2 (P?)] ¥ = 0. (3.26)

On the other hand, in the w-representation, the spatial modes obey the higher order
equation

— (w+idxv)(W+ivdx) —i{Yea(—0%), (W+ivdx +z'H/2)}+FS§(—a§()+H2/4} ¢ (X) = 0.

(3.27)

Unlike what is found in the k-representation, at fixed w, the dimensionality of the space

of solutions now depends on the dispersion relation: it is 2n when the highest power of

P in F2(P?) is 2n or 2n + 1 when the highest power of P in s, (P?) is 2n. In spite of

this it is possible, and very instructive, to relate the solutions of Eq. (3.27) to those of
Eq. (3.22). To this end, it is useful to consider the Fourier transform,

~ > dX
0.(P)= | Jon

where P designates the wave vector, and P > 0 its norm. In the (w, P)-representation,
Eq. (3.27) becomes

e PX o, (X)), (3.28)

—(w—iHPOp)(w—iHIpP) —i{ysu(P?), (w—iHOpP+iH/2)} + F2(P*)+ H* /4] ¢, = 0.
(3.29)

As in the k-representation, this is a second order equation (in dp). Moreover one verifies,
that ¢, exactly factorizes as [BMPS95a]

0.(P) = P71 x X(P), (3.30)

where y is independent of w. In addition, one also verifies that x obeys Eq. (3.24). These
unusual properties are due to the other Killing field K,. In fact because of Eq. (3.25),
in (t, P) representation, irrespectively of Lorentz violating terms Fy, and ~s,, the modes
trivially depend on ¢ through a delta-function: §(P — Hke''). When working in the
(w, P) representation, this implies both the factorization of Eq. (3.30), and the fact
that x obeys Eq. (3.24). The extra factor of 1/P in Eq. (3.30) is due the Jacobian
dt/dP = —1/HP.

Since Eq. (3.29) is second order and singular at P = 0, the dimensionality of the
space of solutions of gzgw(P) is 4, because P has both signs. The physical meaning of this
four-dimensional space, and its relation with the two-dimensional one found in the k-
representation, are given in Chap. 4, Sec. [. B. Tt is mathematically linked to the difference
between Mellin and Fourier transform.
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B. Two point functions

When working with states py; that are invariant under the affine group (this is analo-
gous to the restriction to the so-called a—vacua which are invariant under the full de
Sitter group [SS76, Mot85]), the two point functions are invariant under both K; and
K,. However, because the commutator [K,, K;] = —HK, does not vanish, one can-
not simultaneously diagonalize K, and K;. This leads to two different ways to express
the two-point functions, either at fixed wave number k = —i0,);, or at fixed frequency
w = i0yx. Explicitly, one has

Gsny( t') = /dAze_ikAzGany(Az,t,t’), (3.31a)
GY (X, X)) = / dAte™ R Gy (AL, X, X)), (3.31b)
where k = |k|, and where the “any” subscript indicates that these Fourier transforms

apply to any two-point function which is invariant under the affine group. (In Eq. (3.31a),
G* only depends on k because we impose isotropy.)

In direct space, the invariance under the affine group translates in the fact that the
two-point correlation functions only depend on geometrical invariants evaluated between
the two points. In de Sitter space, there are two geometrical invariants under the affine
group. Using the coordinates ¢, X, they read

Ay = et (3.32a)
Ay = Xe HE)/2 _ X1HE=)/2, (3.32b)

They are linked to the de Sitter (full group) invariant distance by

A2 = A2 (A — )2 (3.33)
Ay
The distances Ay, A, can be also defined in a coordinate invariant manner. The interested
reader will find the expressions at the end of this subsection.

Hence, any 2-point function Gauy(x,x) can be written as Gy (A1(x,X), Ag(x,X)).
The fact that only two variables are needed is not a surprise, given the homogeneity
and stationarity of the setting. However, because A1, Ay mix the properties of the two
different points, they are not convenient to use. We Fourier transform the function with
respect to A, and rename variables, so that it reads

\/PP/
Gany (P, P') = (PP’

dA —1 PP/bgn A2Gdny (AI P A ) (334)

Glany only depends on P and P’. This is the essence of the P representation and its
physical meaning is explicated below.

First, the momentum conjugated to A,, defined by P = Ops)a,, is given by the
geometrical mean

P = sgn(P)VPP' = Py/A,. (3.35)
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On the other hand, since in homogeneous coordinates, Ay = (z — 2ef /2 it is linked
to the conserved momentum k = J(,_./ ) by

P=ke " P =ke ! (3.36)

Hence, P = si0,, is the same operator as in the previous section, seen as its eigenvalue.
When considering the space-Fourier transform in the homogeneous frame of the two-point
function, momentum k can then be absorbed by a redefinition of the times, because

k
Gany(P,P) = EG’;ny(t,t’). (3.37)
t is then viewed as a function of P.

Second, when we use stationarity to define the Fourier transform in time G, (X, X'),
its Fourier transform in X, X’ defined by

dXdX' _pxiipx
Ge (P,P) = / e PXTP X qw (X, X) (3.38)

any o any

has automatically the following structure

(PP /"

Gy (P, P) = s

any

Gy (P, P), (3.30)

where Gany (P, P’) is given by Eq. (3.34). This follows from P = Ox v x/

Together with Eq. (3.37), Eqgs. (3.34) and (3.39) are the key equations of this sec-
tion: Whenever a 2-point function Gy (x,X') is invariant under the affine group, its
Fourier transforms G%, (¢,t') and G%, (P, P’) are related to Gany (P, P’) of Eq. (3.34) by
Eq. (3.37) and Eq. (3.39) respectively.

To conclude this section, we express A; and A, in covariant terms. The log of A; is
given by the line integral of «f from x to X/, that is

InA; = —H/ uffdx“. (3.40)

This is a well defined expression. Indeed, since u is geodesic, ugdaj“ is an exact 1-form
and the above integral does not depend on the path. Since, Eq. (3.33) gives Ay as a
combination of A; and A which are both invariantly defined, so is A,.*

To summarize, we showed that firstly, P is invariantly defined; secondly, A; is easily
expressed in P, P’ space; thirdly, so is the variable conjugated to A,; and fourthly, P can
be attributed to the field itself, so that one can easily take the even (anti-commutator)
and the odd part of the 2-point functions. These are the reasons that make the P-
representation a very convenient representation of affine invariant functions.

4. If one wishes, As can also be seen as the integral of sgdx“, the 1-form associated to the vector
orthogonal to uf. Since this form is not exact, one has to specify the contour from x to x’. Using the ¢, z
coordinates, one should go at fixed z from ¢ to (¢ +¢')/2, then vary z at fixed time until ((¢t +t')/2, 2'),
and vary t at fixed z until (¢, 2’). Any different contour would give some combination of A; and As.
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Conclusions

In this chapter, we considered de Sitter space both as some geometrical object, and as
a manifold on which is defined some field theory. In Sec. I, we defined the geometrical
object as an hypersurface in Minkowski (flat) space time. We identified Killing vectors
forming an algebra in Sec. I and showed that the only invariant field theory in de-Sitter
is the relativistic one. In Sec. ITI, we broke minimally the de Sitter group so as to obtain
the affine group. We showed that the affine group is defined uniquely up to a rotation
and that the only field theories that are invariant are dispersive and dissipative ones. In
Sec. IV, we defined the P representation for the fields that are invariant under the affine

group.



Chapter

Dispersive fields in de Sitter space

Introduction

The quantum field theories in curved space time are mathematically well defined in
hyperbolic space-times [Wal94] —i.e., in space times with well defined initial Cauchy
surface— in the future of this Cauchy surface. For a dispersive field in de Sitter with a
non accelerated preferred frame, the surface t = —oo is a Cauchy surface and its future
is the Poincarré patch.

We here consider free dispersive theory defined on the Poincaré patch of de Sitter. We
identify the general consequences of local Lorentz violation and then compute observables
in an explicit solvable model of quartic superluminal dispersion. This chapter is mainly
based on [BP12].
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I. Fields in de Sitter space

A. Ultraviolet dispersion

We chose to neglect all dissipative effect in this chapter, and to make dispersion only in
the ultraviolet. From Eq. (3.16), with 75, = 0, the dispersion relation reads

O = F2(P%) = m? + P? + f(P?). (4.1)

We suppose that f vanishes faster than P? for P — 0, so as to recover a relativistic
relation for P < A, where A gives the ultraviolet dispersive scale. As such, Eq. (4.1)
can be viewed as the Hamilton-Jacobi equation for the corresponding dispersive parti-
cle [BMPS95a, BFFP05]|. Using g, + u,u, = $,,, this equation reads

g 9,59,8 +m® + f ((s9,5)%) =0, (4.2)

where S(t, z) is the action of the particle. On the other hand, Eq. (4.1) can also be
viewed as the dispersion relation governing some field. However there is some ambiguity
because of the ordering of the differential operators, and nonminimal couplings. In this
chapter, we work with [JMOla, LLMU02|

[—g"'V,.V, +m* + f(—s"V,s"V,)] & =0, (4.3)

where V, is the covariant derivative. Such an equation may come from the action
-1
S=— / dx\/—g [g" 0,20, + m*®* + @ f(—s"V,s"V,) D] . (4.4)

For other approaches based on condensed matter models, see Refs. [SU02, MP09a, Unr12]
and Part. III. One can check that with the decomposition of Eqs. (3.20) and (3.21) this
equation of motion is of the kind of Eqgs. (3.22) and (3.27), with F2 + H?/4 = F? =
m?+ P2+ f. We see that F,, = 0 corresponds to a mass m = H/2. This is the algebraic
origin of the problem that arises for m < H/2, see Sec. III.

B. Scalar product and BD vacuum

To identify a basis of solutions for Eqgs. (3.22) and (3.27), we consider the conserved
scalar product [see Eq. (1.5)]. Tt is given by [Unr95|

(D1, Dy) = z'/dl (I17 Py — O711,) (4.5)
where II = —u#0,,® is the momentum conjugated to ®. The integral must be evaluated

along u,dx" = dt = 0, and the line element is dl = dX = a(t)dz.
In the k-representation, for &, = ¢**¢y and P = ¢y, one has

(Pr, Do) = 216 (k — k) x [a(t) (PkiOipw — drididyy)] - (4.6)
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The standard normalization (P, Py) = 2rHd(k — k') imposes to work with modes ¢y
that have a unit positive current with respect to a(t)/Hid;. When considering y of
Eq. (3.24), it is convenient to reexpress this condition as

Hyiopx* — Hx"idpx = 1. (4.7)

That is, the xy mode is imposed to be of unit positive Wronskian. However, because
Eq. (3.24) is second order, y is not completely fixed by Eq. (4.7). To identify the in
mode which describes particles at early time, one has to impose that it behaves as the
positive frequency WKB mode at early time |[BD84|. Using Eq. (3.25) to reexpress this
condition in terms of P, the in mode xpp must obey [compare with Eq. (1.6)]

ol I F(P?) £
xep ~ 7 (4.8)
P—oo 2F(P2)
P

Then the modes ¢, with unit positive norm can all be written as

Di(t) = \/g[AkXBD(P) + (B—xxsp(P))"], (4.9)

where Ay and B_y satisfy |Ax|* — |B_x|° = 1, and where the extra factor of \/H/k
ensures that (®y, Py) = 2rHo(k — k') is found when ypp obeys Eq. (4.7). The state
which is vacuum with respect to ygp for all values of k, i.e., By = 0 for all k, is the
Bunch-Davies (BD) vacuum [SS76,BD77].

To handle the mode identification in the w-representation, it is appropriate to work
with the Fourier mode of Eq. (3.30) and to separate solutions with positive and negative
values of P. In the WKB approximation, positive norm solutions describe right moving
(U) particles for P > 0, left moving (V') particles for P < 0, and vice versa for negative
norm solutions. However, the exact solutions of Eq. (3.29) mix U and V modes. The
general solution should thus be decomposed as

where the 4 coeflicients weigh the initial (BD) contributions with positive (negative)
norm A (B), and with U or V content. In fact, the scalar product of two such modes
Q= e 1y, Dy = ey s

(D, Bu) = 27 HO(w — o) (\Ag\z —|BY, |+ |AY[* - |BY,, 2) . (4.11)

This is exact and can be verified be expressing Eq. (4.5) in the P-representation, see
Ref. [BFFPO05]. Imposing the positive norm condition (P, /) = 2rHdé(w — ') on the
mode basis constraints the above parenthesis to be unity. Hence, in de Sitter, irrespec-
tively of the dispersion relation of Eq. (4.1), the complete set of positive norm stationary
modes contains 2 modes ¢U, ¢Y for w € (—o0,00). One verifies that 2n — 4 solutions of
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Eq. (3.27) are not asymptotically bounded in X, and cannot be normalized. These modes
should not be used when decomposing the canonical field obeying Eq. (4.3) [MP09b]. Tt
is interesting to notice that the completeness of the stationary modes follows from the
completeness of the Mellin transform [MF53], in a manner similar that the completeness
of the homogeneous mode basis follows from that of the Fourier transform, see the end of
Chap. 3, Sec. II1. B. With this remark, we have verified that the set of the asymptotically
bounded solutions of Eq. (3.27) matches that of the solutions of Eq. (3.22).

To conclude this section, we point out that the S-matrix in the k-representation
factorizes into 2-mode sectors containing particles with opposite wave vectors k, because
the space is homogeneous. Instead, in the w-representation, the S-matrix factorizes in
different sectors with w > 0, each of them being a 4-mode sector which contains two U
modes ¢!, (¢Y,)*, and two V modes ¢Y,(¢Y)*. The 4 x 4 character of the S-matrix
in this representation results from the composition of the cosmological mixing of U and
V modes with the stationary mixing of modes of opposite frequency, see Sec. III. C for
details.

C. The two Hamiltonians

In preparation for the analysis of the stability of the BD vacuum, we study the Hamil-
tonian of our dispersive field. We first point out that the fields v and K; define two
different Hamiltonian functions, that we call respectively, H, and H;. Using the con-
jugated momentum II = —u*0,¢ and the Lagrangian density £ of Eq. (4.4), they are
respectively given by

H, = /dl(H@t|Z¢>—£), H, = /dl(H8t|X¢—£), (4.12)

where we recall that 0,|, = —u#0, and 0;|x = —K['0,. H, thus engenders time trans-
lations at fixed z, while H, does it at fixed X. In de Sitter space, H, and H, differ
because u = K; — vs # K, since the flow v = HX does not vanish. In Minkowski space
endowed with a Cartesian v field, which is obtained in the limiting case H — 0, the two
Hamiltonians coincide since u — K; when H — 0. This implies that in de Sitter H; and
H, share the properties that the Hamiltonian possess in Minkowski space.

On the one hand, the stationary H,

Hi=y [ dX {00 + w6 + (1 - ?)(0x0) + 6(~03)0} (4.13)
is conserved for all dispersion relations. However, for both Lorentz invariant theories
and dispersive ones with f(P?) > 0, it is not positive definite precisely because K; is
space like outside the horizons. (Recall that its norm is —K? = 1 — v?.) Notice also
that when working in the P representation one easily verifies that the last term in H,
is positive definite for f > 0. For dispersive theories with f < 0, such as phonons
in Helium?, the density of H; becomes negative where v reaches the critical Landau
velocity [Jac99, Pit84|. In any case, in de Sitter, when using the stationary modes of
Eq. (4.10), H; can be decomposed as fooo dwH,,, where

_i U2 V2_ U 2_ Vo2
Hy == (|45 +|ALP - |BZJ" - [BL). (4.14)
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H; is thus manifestly conserved and not positive definite.
On the other hand, the cosmological H, can be decomposed as H, = ffooo dk Hy
where
kQ

) = 5103 (10no) + P lanoF ). (4.15)

H, is thus positive definite whenever F2 > 0. (Notice that theories with £ < 0 are dy-
namically unstable even in Minkowski space.) However, H, is not conserved because
dlna/dt = H # 0. The nonconservation of Hy(t) engenders nonadiabatic transi-
tions [MP98| which describe pair creation of quanta of opposite k, see Sec. III. A for
a particular example. When using Eq. (4.9), the time dependence of Hj, can be entirely
expressed in the P representation as

A4 1B L
Hy(t) = 12! 2HED d (|H Popxep|” + F*(P?)|xsp|)
" (4.16)
+Re 4 === ((HPOpxep)” + F*(P*)xip) ¢ -
HP
We also see that when imposing |Ax|> — |B_x|* = 1, the minimization of Hj, (more

precisely, its integral over one period) implies B_y = 0. This is the classical equivalent
of saying that the BD vacuum is the lowest energy state with respect to the preferred
frame field wu.

To conclude, we clearly see the complementary roles played by the Hubble constant
H. In the stationary representation, it is responsible for an energetic instability, i.e.,
for a conserved Hamiltonian H; unbounded from below. Instead in the homogeneous
representation, H is responsible for the time dependence of the positive definite H,,
which engenders pair creation, i.e., a vacuum instability. These two properties are valid
for all dispersion relations, and therefore they also apply to Lorentz invariant theories.
This is a reminder that field theories in de Sitter space, and in black hole metrics, are
threatened by dynamical instabilities, i.e., complex frequency modes [DDR76,CP10]. In
addition, as argued below, violations of thermodynamical laws are also related to an
energetic instability.

II. The consequences of Lorentz violations

In de Sitter space, when considering Lorentz invariant fields, the Bunch-Davies vacuum
possesses many remarkable properties. On the one hand, it is homogeneous and station-
ary, and on the other hand, it is an Hadamard state. In fact, it is the only stationary
Hadamard state [SS76,JMP06]. In addition, it can be shown that all other Hadamard
states flow towards the BD vacuum. By this we mean that the n-point functions evalu-
ated in these states flow towards the corresponding one evaluated in the BD vacuum. In
this sense, the BD vacuum is the only stable regular state. Finally, when evaluated in
the static patch |HX| < 1, the n-point functions are all thermal [KW91|. They indeed
obey the double KMS condition: they are periodic in imaginary time with period 27/ H,
and they are analytic in the strip 0 < $(t) < 27/H.
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When considering dispersive fields, we shall see that, for free fields at least, the BD
vacuum still satisfies all these properties, save the very last. In fact, even though the
periodicity in (¢) is still exactly found, the analyticity in the strip is always lost when
there is high frequency dispersion. This means that the BD vacuum is no longer a
thermal state.

A. Stationarity and periodicity

Since we work with free fields and since the BD vacuum is a Gaussian state, we only
need to consider the 2-point function. When using the settings of the former section, the
Wightman function in the BD vacuum can be written as [BD84]

() ik(z—z0)

€
t to) = dk
GBD(Za y R0 0) /Oo 271']’1/]

xep (kHe ™) xgp (kHe 7). (4.17)

When considered at fixed ¢, and ¢, this function is manifestly homogeneous. It is also
stationary, when considered at fixed Xy = a(tg)zo and X = a(t)z. Indeed in terms of
P =k/a(t), one gets

> jsin(PX — PXgefl(t=t))

Ggp(X,t, Xo, ty) = dP
BD())O)O) /(; TP

Xep (P)Xgp (Pef0)) (4.18)

which is a function of ¢t — t; only. Hence, for all dispersion relations imposed in the
cosmological frame, the BD vacuum is both stationary and homogeneous, i.e., invariant
under the affine group, as it is for relativistic fields. More surprisingly, Ggp is also
periodic in the imaginary time lapse, with the usual period 27/ H, exactly as for Lorentz
invariant fields, and for thermal functions.

We expect that homogeneity, stationarity and the above periodicity will be exactly
preserved when considering the n-point functions of interacting fields evaluated in the
BD vacuum, because these properties are protected by the affine group of Eq. (3.12). In
other words, the n-points functions will always be invariant under this subgroup.

B. Thermality

For Lorentz invariant theories, it has been shown by Gibbons and Hawking [GH77]
that freely falling observers immersed in the BD vacuum detect a thermal bath with a
temperature kgTy = % It was also understood that, when restricted to the static patch
—1 < HX < 1, the reduced density matrix of any quantum field theory (interacting or
not) is a thermal state at that temperature. Interestingly, this result is always violated
for dispersive fields.

To demonstrate this, we consider particle detectors which follow orbits that are sta-
tionary with respect to the Killing field K;. Because K} = —1 + H>X?, the only sta-
tionary orbits are at fixed X, and with |HX| < 1 when they are timelike. The de-
tector transition rate of spontaneous excitation R_ (de-excitation R,) is proportional
to [Unr76, BMPS95b|

Ri(w, X) o / Hdte*™'Gpp (X, t; X,0). (4.19)
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To relate the detector energy gap AE > 0 to the Killing frequency w, one must take into
account the X dependent redshift factor (AE = w/v/1 — H2X?) coming from the de-
tector’s kinematics, which also enters in Tolman law Tj,c(X) = Ty /v'1 — H2X? relating
the local temperature to the globally defined one [MTW73, Tol30|. In what follows, we
shall work with the globally defined temperature and with w. To study the deviations
from thermality, it is convenient to use the temperature function Ty(w, X) defined by

R_(w,X) —w/kpTy(w,X)
—— = ¢ W/rBialwR) 4.20
Ri(w,X)  © (4.20)

For relativistic fields, one has kpTy(w, X) = kgTy = H/2m, for all |HX| < 1 and for
0 < w < o0, in accord with Tolman law and the Planck spectrum. To compute Ty in
the presence of dispersion, we shall use the fact that the rates are given by

’ (4.21)

)

Rl ‘¢BDU ‘ ‘¢BDU X)

where ¢BPV is the positive norm BD mode that is initially right moving, i.e., AY =
1,AY = BU = BY = 0 in Eq. (4.10). Similarly, (¢"2"¥)* is given by the negative norm,
negative frequency, mode: BY = 1. In the above equation we have used the symmetry
X — —X to express the contribution of the left moving V-mode evaluated at X as that

of the right U-moving one at —X. Explicitly, 2PV is
< P A P —iw/H-1
GEPU (X)) = mesz (E) Yeo(P), (4.22)
0

where xpp obeys Eq. (3.24). To prove that thermality is violated it is sufficient to work
with X = 0 and to consider very high frequencies w/A > 1. In this limit the integral
is dominated by high values of P, and therefore by the leading term of the dispersion
relation, that we parametrize here by

P2n
A2n 2°

fn(P?) = (4.23)

In the high P regime, the WKB expression of Eq. (4.8) offers a reliable approximation
of xgp. Hence, up to irrelevant constants, one gets

oPPY(X = 0) /—P it il (4.24)

Using () = P" as integration variable, one obtains a I' function, namely

; —1
BD,U X =0) ~ wm/2nH T _ﬂ — n . 4.25

Using this result in Eq. (4.21), Eq. (4.20) gives

o
kpTa(w > A X =0) =n_—, (4.26)
T
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i.e., n times the standard temperature T}.

Instead, for w/A < 1 and H/A < 1, Ty(w,X = 0) reduces approximatively to
the standard temperature Ty [CPF12|. Hence the BD vacuum is no longer thermal.
This result is nontrivial since Ggp of Eq. (4.18) is still periodic in imaginary time, with
the standard period. From the above equations and from P oc e !, one understands
that the power n of Eq. (4.23) reduces the domain of analyticity of Ggp in &(t) by a
factor of n. Indeed since ypp ~ e’ for large P, the integral in Eq. (4.18) contributes
as 1/(1 — ™) which is analytic in the reduced strip 0 < (¢) < 27/nH only. The
observation that Ty (w, X = 0) = nTy for w/A > 1 shall be verified, for n = 2, in a
exactly solvable model in Sec. III. B.

C. Regular states and stability

In this section, we show that some of the ingredients of event horizon thermodynam-
ics [GH77, JP03| are still present when adding high frequency dispersion. Namely, we
show, firstly that the BD vacuum is the only stationary state which is regular and, sec-
ond, that the other regular states flow towards the BD state. (As explained below, the
notion of regular states should be understood as the generalization of Hadamard states
in the presence of short distance dispersion.) Hence for free fields at least, the BD state
is the only stable state. To prove these claims we shall use concepts that are common to
Lorentz invariant and dispersive fields.

Before proceeding, let us discuss our criterion of stability. We say that the BD vac-
uum is stable because, at large time, observables computed in nearby states converge
towards those evaluated in the BD vacuum. Hence, for these observables, the perturbed
states will be asymptotically indistinguishable from the BD vacuum. This flow is often
referred to as a cosmic no hair theorem [MM11b, MM11a,Hol13| as it closely follows the
Price’s no hair theorem [MTW73]. We adopted this criterion because there is no sta-
tionary Killing field which is globally timelike in de Sitter. As a consequence, there is an
energetic instability, see Eq. (4.14), which means that stability cannot be deduced from a
spectrum bounded from below. It is worth mentioning that to study the thermalization
in interacting quantum field theories, the flow towards stationary thermal states is es-
tablished in Ref. [GS10| by studying some n-point functions. Even though the purity of
the initial state is preserved by the Hamiltonian evolution, after a while, these functions
become indistinguishable from thermal ones. In that case as well, the stability of the
state is thus inferred from the flow of some observables, rather than from the evolution
of the state itself.

Since high frequency dispersion modifies the short distance behavior of the 2-point
function, we first need to define what we mean by “regular states” because the standard
definition of Hadamard state is precisely based on this behavior [BD84]. In homoge-
neous cosmological spaces, this difficulty can be overcome because one can rephrase the
standard definition in terms of an adiabatic expansion of the solutions of Eq. (3.22) at
fixed k. Since these new terms are common to both Lorentz invariant and dispersive
field, one can implement the subtraction procedure to dispersive fields. Let us recall the
key elements, for more details, see Ref. [LNMS05]. In de Sitter, because of Eq. (3.12),
the adiabatic expansion can be done in terms of a single mode Y, solution of Eq. (3.24),
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and of unit Wronskian, see Eq. (4.7). This expansion generalizes Eq. (4.8) and is best
expressed as

1 -1 rP ’ /
Xadiab = 2W(P) e'’ f W(Fap 3 (427)

where W obeys the nonlinear equation
e FAPY) HP (AW 3(0pW )
P2 2 W 2 W2 ’

(4.28)

and where F? determines the dispersion relation in Eq. (4.1).
When working with Lorentz invariant fields in D dimensions, the first 1+ D /2 terms
in a iterative solution of Eq. (4.28) should be taken into account when determining the
1 + D/2 quantities that need to be subtracted. This guarantees that the renormalized
stress tensor evaluated in the BD vacuum is finite in cosmological spaces, and thus
in de Sitter. This is not a surprise since xgp and Yaqiapb Obey the same condition for
P — oo. Hence their differences develop at finite P, and because of the expansion H.
When working with dispersive fields, this finiteness is still found when F? is positive,
sufficiently regular, and grows faster that P? for P — oo. Indeed the higher the power
n in the leading term of Eq. (4.28), the more suppressed are the next order terms in the
adiabatic expansion [LNMS05]. For instance, in two dimensions, for F? ~ P**/A?"2
with n > 2, the second quantity which is usually subtracted in the stress tensor is already
finite. It can thus be either subtracted or not.! In either case, in the BD vacuum of de
Sitter, the renormalized values of p = u*u”T),, and Il = s#s"T),, are constant in space
and time, while the flow J = u*s"T,, vanishes. Explicitly, they are (we neglect the part

coming from dynamics of the unit time-like vector field ), with Wy = F//P [LLMUO02]

* PdP [W¢ H? [(03W, 3(0pWy)?
A e )
0

— 0 —

2w |74 4WO Wg 2 W02
- ) ) ) (4.29)
. / PAPdPW, [Wo | H* (3Wo 3 (9pWh)
o 21 dP |W e\ W, 2 W? ’

where the last two term come from the subtraction procedure.

We now consider the change of the stress tensor with respect to that of the BD
vacuum when working with some (possibly mixed) state W described by the density
matrix py. For free fields, this change is determined by the difference of the 2-point
functions 6Gy = Gy — Gpp. This difference can be expressed in terms of the positive
norm BD modes ¢2P as

5Gy = 2Re / A [ 62 1) {ma (1 ) SEP (1)) + ol NP}
(4.30)

1. As a result, in Ref. [LNMS05], it is proposed to subtract only the first term. We claim instead
that the first two terms should be subtracted, as done when dealing with Lorentz invariant fields. Indeed
only this choice guarantees that the stress tensor would remain finite when taking the limit A — ooc.
In addition, in our proposal, the two manners to consider A become compatible. A can be either seen
as a (Lorentz violating) regulator to be sent at oo when computing observables, or as a physical finite
ultraviolet parameter, but which enters suppressed in observables.
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where ny(k, k') and cy(k, k') are expectation values of normal ordered products of BD
destruction and creation operators ay, alt,:

4%

ny(k, k') = <a£,ak> , ek k) = (akaw),, - (4.31)

They respectively encode the power spectrum and the coherence of p at the Gaussian
level [CP05a).

To establish the stability of the BD vacuum, we first point out that the other station-
ary states are all singular. The reason comes from the fact that the stationarity of Gy
implies that, irrespectively of ¢y, k X ng(k, k') only depends on the ratio k/k’. Therefore,
the change of the expectation value of H,, of Eq. (4.12) with respect to the BD vacuum,
necessarily diverges because the contribution of high k is not suppressed enough, as
ny(k,k) oc 1/k. This is true for dispersion functions F'(P) > ¢ > 0 for P — oo, and
therefore true for Lorentz invariant theories. This generalizes the fact [JMPO06] that the
a-vacua, which are invariant under the full de Sitter group and therefore stationary, are
all singular, save the BD vacuum.

In our second step we consider states that describe, at some initial time, local pertur-
bations containing a finite number of BD particles: Nior = [ dkny(k, k) < oo. Moreover,
to be able to handle all dispersion relations at once, we suppose that there exists a cut
off wave number k.., above which the number of particles decreases exponentially, i.e.

ne(k, k) <e ™™ Yk > kpax, (4.32)

with b > 0. Then Schwartz inequalities and the hermiticity of py implies the following
inequalities generalizing those of Ref. [CP05a]

|n‘1’(k/7 k)|2 < |n‘1’(k7 k)| ‘n‘lf(k,7 k,)| ) (433)

and

2
’/dk1fk10\p(k1>k) < ny(k, k) {/ dky1dKs fie, fie, (nw(ky, k2) + 0(ky — ko)) |, (4.34)

for all test functions fi € C.

Using these inequalities one can study the behavior of Eq. (4.30) at large time. Since
there is a momentum cutoff k.., at large time only low momenta P matter. Hence for
all dispersion relations of Eq. (4.1), the dominant term is the mass term. One should
then distinguish massive fields with m > H/2 |[This means that F, of Eq. (3.16) is
positive in the P — 0 limit ; see Eq. (4.38) for the origin of this condition| from massless
fields. At this point, one also needs to consider the pair creation amplitudes relating the
initial BD mode ¢£P [obeying Eq. (4.8)] to the out mode ¢¢“* defined at low momentum.
Using the techniques of Ref. [MP98] and the fact that Eq. (3.24) is second order for all
F? we can verify that for both m > H/2 and m = 0, the oy, (3 coefficients of Eq. (4.40)
are bounded for dispersion relations with £2 > 0. Using this result, at large time and
for massive fields, one finds that

oy G < e A2, (4.35)
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i.e., 0yG decreases exponentially in time. This implies that the changes of density,
current and pressure with respect to the BD vacuum dpy = u“u”éTlf,’j, 0Jy = u“s”deL
and dlly = s“s”éTj,’/ also flow exponentially to 0. On the other hand, when m = 0,
at large times the dispersive modes become conformally invariant, i.e., proportional to
e*=n where n o< e ' is the conformal time. As a result, both scalar derivatives
u'0,0Gy and s#0,0Gy flow to 0 as in Eq. (4.35). This implies that dpy, dJy and 6Ily
also flow exponentially fast to 0.

In conclusion, we have shown that for all dispersion relations, the mean stress tensor
(T, W>ﬁw computed with an arbitrary localized state containing a finite number of BD
quanta flows towards that computed in the BD vacuum. This follows from the cosmo-
logical expansion a ~ ef! which redshifts the momenta P ~ ke ' and dilutes the
particles. In our proof we have used the condition of Eq. (4.32) because, for all polyno-
mial dispersion relations, it guarantees that the change of the stress tensor with respect
to its value in the BD vacuum is finite. Less restrictive conditions, and therefore larger
set, of states, can certainly be used once having chosen some class of dispersion relations.
One could also relax the condition that the perturbation is local. However a detailed
study of these extensions goes beyond the scope of this thesis.

III. Quartic superluminal dispersion

It is of value to explicitly compute the modifications of the observables which are due
to high frequency dispersion. In de Sitter there are a priori two types of observables:
first, the pair creation rates which are due to cosmological expansion, and second the
thermal-like response of stationary particle detectors. In Sec. III. C we shall study a
third type of observables, namely asymptotic pair creation rates in the w-representation,
which combines the former two phenomena. This has no physical meaning in Lorentz
invariant theory. However, because of Lorentz violation, nothings forbids observers to
follow space-like trajectories. Moreover, in analogue gravity experiments, this is the
measurable quantity since it is the flux that is ejected from the sample.

To get analytical expressions, we consider the quartic superluminal dispersion, i.e.,
f = P*/A% In this case, the general solution of Eq. (3.24) is given by

C —iX\ i ip? D —i\ iy ip?
_ S (A Py (A .
X <4,2,A)+\/ﬁ (4,2,A , (4.36)

where C' and D are the two integration constants, and where M and W are the two
Whittaker functions, see Chap. 13 in Ref. [AS64]|. For simplicity, we introduced the

adimensional quantities p = \/z—i — i = w, A=A/H, p= P/H. Using Eq. (4.8)
to characterize the initial large p behavior, the unit Wronskian BD mode, when complex
conjugated, is given by [MP08, LNMS05]

A —m —i\ ip ip?
== w( - = 2, 4.37
XBD \/2pe8 <4’2’/\) (4.37)
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A. Cosmological pair creation rates

To get the pair creation rates, we need to identify the combination of M and W that
corresponds to the final mode x,.. As Eq. (4.8) does not offer a reliable approximation
for P — 0, the identification should be done using the cosmological time ¢. Using
Eq. (3.22), one finds that asymptotic positive norm solutions are proportional to et at
large t. When m < %, e is imaginary and the modes grow or decay at large time [JMPO6].
Hence it is not possible to define asymptotic out modes. When m > Z, there is no

. 2
difficulty: when reexpressing e~“#* in terms of P o< e %, one gets

p%Jriu

(4.38)

Y

Xout 0 /_Q,U .

Using this behavior, the positive unit Wronskian out mode is found to be

o\ Lk 1 —i\ i aip?
out = (—IA) 2 4| —M | —, —, — ). 4.39
Xow = () 2o (42A) (439

The in — out Bogoliubov transformation is given by; see Eq. (1.15)

Xout = O XBD + BkXED (440)

We put a subscript k to the above (k-independent) coefficients to remind the reader that
all these calculations are done in the k-representation. Using Sec 13.1 in Ref [AS64], one
finds, see Appendix B.2 in Ref. [MPO0S§|,

1 s
|Br(, M)[* = o <1 +eF x eﬁ“) : (4.41)

For A > 1, up to exponentially small correction, one recovers the relativistic result, i.e.,
the first term in the above equation. For A < 1, there is an enhancement of the pair
creation probability by a factor equal to e™.

Even though the asymptotic out modes cannot be defined for 0 < m < H/2, when
m = 0, it is again possible to define these modes since for t — oo, they behave as e~
where dn = dt/a(t) is the conformal time. It is then possible to identify the massless out
combination of M and W, and to extract the Bogoliubov coefficients. In this case, the
norm of [, is

VA 1
WP = m n T S 4.42
1Bk (M) \/X|1“ (i+i%)}26ﬂx/4 4‘1“ (%_}_Z’%HQQM\M 2 ( )

For A > 1, one gets |Bi|° ~ 1/(64\%), i.e., a power law decrease, unlike what we found
above for the massive case. Eq. (4.42) corrects an error in Eq. (131) of Ref. [BFFPO05]
but without altering the conclusions of that section.
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B. Deviations from thermality

Following Sec. II. B, our aim is to exactly compute Ty (w, X) of Eq. (4.20) using Eq. (4.21).
To this end, we need to evaluate Eq. (4.22) for quartic dispersion. Using Eq. (4.37), we

get
(¢P2Y (X /_e—g*/ dpe~PHX =i =3 (_M i Z];\) (4.43)

Surprisingly, it turns out that this integral can be exactly done, as shown in the next
subsection. Since the final expression is a sum that converges as 27" for large n, one can
accurately numerically compute the ratio of Eq. (4.20) in terms of known hypergeometric
functions. To study the consequences of quartic dispersion, we plot the temperature
function Ty (w, X) in various cases, see Sec. III. B. 2.

1. Evaluation of Eq. (4.43)

In this technical section, we derive explicit expression for (¢”2Y)* of Eq. (4.43). To do
so, we shall compute a more general function A(z) to be able to exploit some analytical
property in z. It is defined by

_ 00 A i(z—1)p?
A(z) = e”(o‘“)/‘l/ dpp®e "W (k,v,izp”) © —, (4.44)
0 22
and which is related to the BD mode by
: P —
(gb]EB,U(X))* _ e—wr(oc-‘rl)/4 4_ —’\)\(a+1)/2A(Z _ 1) (445)
7

To simplify notations, we introduced o = —3/2 —iw/H, £ = —i\/4, v = iu/2, x =
HX+/X and rescaled p — pV/\. Making a rotation in complex p plane of angle 7/4, one
gets

(9] e(Z 1)p
Az) = / dppe "W (&, v, 2p%) - (4.46)
0

z

NI

The Whittaker is then expressed as a sum W (£, v, zp?) = B(v) + B(—v) where [AS64]

—r e—zp2/221/2+up1+2u 0 I(1/24+v—£+n)

B0 = S T2 —v =250 —¢) T; (1 + 20 +n) ()" (4.47)

Then the amplitude A is expressed as

-7 YAy (2) — 27V AL(2)
Alz) = sin 27 I'(1/2 —+V—§)F(1/2+1/—§)’ (4.48)

where

& _ it/4 2 OOF(l/Q—f-V—S—f-TL)
A 1/ d prei™/ p?/2 2\n
* /0 pp’e ¢ HZ:O n!IT'(1+2v +n) (z")

(4.49)

Z F(1/2 + v — 6 =+ n) n /OO dppﬁ+2ne_pxei7r/4e_p2/2,
n!I'(1+2v +n) 0

n=0
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and where § = a+142v. The last equality is valid only inside the radius of convergence
of the power series — i.e., |z| < 1/2. We notice that z = 1 is not in the radius, this is
why we introduced the extra variable z. Expanding the oscillating exponential in = as a
series, we get

o0 k. k ik /4
/ dppHne e i 2 Z (—1)kghetkn/ (B 1+)/24nT (ﬁ +1+k+ Qn) |

0 prd k! 2
(4.50)
Using this expression, the sum over n gives
t(e) = SV T2 50— Ok 15 8)/2) 5
EIT(1 4+ 2v)
k=0 (4.51)
1 1
X9 I (——f—V—f,M;l—I—Z/;QZ)
2 2
Using Eq. (15.3.8) of Ref. [AS64] and Eq. (4.48), one obtains
O01“14— k:+a/2+1/) (1+(k+a)/2 —v) (—V2iz)" ga/2
=0 (=E+ (k+3+0)/2) ! (4.52)
1 kE+3+a 1
= N AL B P [
X2 1<2+V 572 v 57 €+ 2 ) 22)

The above expressions are all valid for |z| < 1/2. However, since both A and the sum
are analytic on C, the result is still valid at z = 1.
It is then convenient to express the oF} as

> r F b+n)F( )
Fi(a,b; " 4.53

to split the sum between odd and even k, and to notice that each sum over k gives an
hypergeometric function

WLA2+v—E+n)l(A2—v—8+n) 0,
A =32 nll(1/24+v—&r(1/2—v—¢) >

X [B (a%) — e™*2\/2B (a+; ‘;)1

2F2<1—|—%—|—y,1—|— Ven—f+3+a 2)
Fn—¢&+ 3+ w)/2)

n=0

(4.54)

where

B(a,e):F<1+g+V)F<1+%—1/>

(4.55)
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We verified that the above expression is a solution of the 4" order differential Eq. (3.27).

From the symmetries of Eq. (3.27), four independent solutions are

(6207 (X)), 0507 (X), (@707 (=X))", 0227 (=X). (4.56)

—Ww —w

The last two ones give the V modes evaluated at X. These four functions are independent
because they are orthogonal to each other when using the scalar product of Eq. (4.5).

In addition, to validate this long calculation, we compared the final expression of
Eq. (4.54) with the original integral of Eq. (4.43) that we evaluated numerically with
Mathematica®. We found a perfect agreement.

2. Study of Ty(w, X)

In Fig. 4.1, we plot Ty(w)/Ty as a function of w/H, for various values of A, and eval-
uated at X = 0, i.e., for an inertial detector. First, when w/A and 1/ are both much
smaller than 1, we see that this ratio is very close to 1, as expected from former anal-
ysis [BMPS95a, CJ96, BEFP05, US05, CPF12]. In this robust regime, the detector will
perceive a Planck law at the standard temperature, up to negligible corrections. Second,
in the high frequency limit, for w/A > 1, in agreement with the analysis of Sec. II. B,
the ratio goes to 2 irrespectively of the value of A\. This last point is not clear from the
figure but can be verified analytically from the expressions of Eq. (4.52) and the fact
that |A,/A_,| — 1 when A — 0. Third, we see that there is a sharp transition from
the robust relativistic regime to a new regime. An examination of Eq. (4.52) confirms
that the transition occurs at a critical frequency wen = A/2.

18r
200 b
16¢ [
1.2r
1.0 \"“ _ _— ] 1.0 \:
0 10 20 30 40 50 0 10 20 30 40 50
w/H w/H

Figure 4.1: The ratio of Ty (w, X) of Eq. (4.20) over the standard relativistic temperature
Ty as a function of 7, for X = 0 and m = 0, and for four values of A\, namely 1 (dotted
blue), 5 (dashed purple), 10 (dot-dashed yellow), and 50 (green solid line). One clearly
sees that for large values A, the spectrum is accurately Planckian and at the standard
temperature, until w reaches a certain critical value we;, which is equal to HA/2. For
W > Wait, T'(w, X = 0) increases sharply and reaches 27y. This figure is essentially
unchanged when we use a massive field with ;1 < A/2. In the right panel, we represent
the slope of In(R,/R_) defining a “group temperature” T, as 1/T,, = d(w/Ty)/dw
(which is similar to the link between phase and group velocity), or equivalently 1/T,, =
dIn(Ry/R_)/dw. We observe that T}, is subject to a sudden change when w crosses weit.
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O === Figure 4.2: The log,, of the temperature

-2f ' . | i difference T (w)/Ty — 1] as a function of

o 4 w /1w, for X = 0and m = 0, and for four
'_'I -6 | m"’/ |1 values of \, namely 10 (dotted blue), 20
= -8 / { (dashed purple), 40 (dot-dashed yellow),
S _10f P /N and 80 (green solid line). We see that
C_f v A“' |T(w)/Ty — 1| increases exponentially in
_MM“/"‘; ‘ f I w until w reaches wqi. It can be shown
T 0 ag o analytically that |T(w)/Ty — 1| follows

o Fq. (4.57).

In Fig. 4.2, we plot log,|Ty(w)/Tuy — 1| to study the small deviations from the
relativistic regime for w < wes. We first notice that the sharp peaks are due to the fact
that Ty (w)/Ty — 1 crosses 0 while decreasing for w — 0. A careful examination of the
envelope reveals that

Ty (w)/ Ty — 1| ~ e ™/Atmw/2H0. (4.57)

Hence, at fixed w, the deviations decrease exponentially with A\, whereas, at fixed A, they
grow exponentially till w reaches we,it.

In Fig. 4.3 we study the X dependence of Ty (w, X)/Ty. This describes violations of
the Tolman global equilibrium law. We see that the transition from the robust regime
to the new regime occurs at different critical frequencies when considering detectors
following different orbits labeled by X. Interestingly, this dependence can be expressed

ax

* A a? ax\3
X
5(1 i~ o () )

where ax = H? X|/v/1 — H2X? is the detector proper acceleration at fixed X. In addi-
tion, on the left panel and for |[H X| > 0.9, we notice that the low frequency temperature
significantly differs from the standard one. This effect is related to the broadening of
the horizon that was observed in [FP11,CPF12|. In those papers, when considering
perturbed metric profiles v = Upackgra + 0, it was found that the asymptotic black hole
temperature differs from the standard one when the spatial extension across the horizon
of the perturbation dv is smaller than xz ~ (x/A)?/3. Here we find that the temperature
seen by a particle detector differs from the standard one precisely when it enters this
region. In a log-log plot, see Fig. 4.4, we have numerically found that the extension of
this region (defined by the locus where the relative temperature difference is 1%) de-
pends on A with a power equal to 0.675 & 0.01 in agreement with the 2/3 of the above
references. Two lessons are here obtained. First, the near horizon properties can be
probed either by perturbing the background metric v, or by introducing a local particle
detector, with coherent outcomes. Second, since these responses are locally determined,
they are common to de Sitter and black holes, see Chap. 6.

Finally it is also interesting to study the behavior of Ty(w)/Ty when varying A at
fixed w and for X = 0 (see Fig. 4.5). When \ is large enough, i.e., larger than the critical
value Aoy = 2w/H, the deviations from the standard temperature are extremely small,
in agreement to what we saw in Fig. 4.2. Instead, for A — 0, T(w, X = 0)/Ty always

(4.58)

Werit =
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Figure 4.3: The same ratio as in Fig. 4.1 (on the left) and Fig. 4.2 (on the right), for
m = 0 and A = 50, and for six different positions, namely HX = 0(green solid line),
0.3 (yellow dot dashed), 0.5 (purple dashed), 0.7 (blue dotted), 0.9 (orange thick), and
0.95 (black thick dots). On the right, the last two curves have not been plotted since
they are too far from the other ones. The corresponding values of the acceleration of the
detector are a/H = 0,0.31,0.57,1,2, and 3. One sees that T(w, X)/Ty becomes larger
than 2 when X # 0. One also sees that the deviations at fixed w increase with ax.

0.30¢
Figure 4.4: Critical value of HX — 1 defined

by T(Xcrit,w = 0, /\) — TH = 001TH as a
function of A\. We show that the extension
of this region depends on A with a power
equal to 0.675 4+ 0.01.
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flows to 2, with a slope that depends on the value of w/H. An examination of these
slopes shows that the slope decrease when w increases: d7'/d\| ¢ goes from 1.0240.005
to 0. This is the behavior at small A. The behavior at large A was given by Eq. (4.57).

C. Asymptotic S-matrix in the w-representation

In this section, we compute the Bogoliubov transformation between the initial BD modes
and the asymptotic out modes in the w representation. In this representation, the modes
are identified through their spatial asymptotic behavior, and not their temporal one we
used in Sec. III. A. Hence the Bogoliubov transformation can be viewed as an S-matrix.
This is the description which is appropriate to study the mode mixing on an analogue
black hole horizon. For more details about mode identification in the w-representation,
we refer to Ref. [CPF12].

In the present case, at fixed w each basis contains 4 modes. Hence the Bogoliubov
coefficients form a 4 x 4 matrix. This matrix is an element of U(2, 2) since the two modes
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Figure 4.5: The ratio of the temperature T(: (on the left) and log,, |T'(w)/TH — 1| (on
the right) as a function of A, for X = 0 and m = 0, and for four values of w/H, namely
1 (green solid line), 5 (yellow dot dashed), 10(purple dashed), and 20(blue dotted). The
decay of Eq. (4.57) can be observed.

U ¢V have a positive norm, while (¢V_)*, (¢¥)* have a negative one. In what follows
we first study the massless case, and then the massive case m > H/2. In both cases
we shall see that the S-matrix possesses unusual factorization properties that are due to
the two symmetries governed by K, and K;. We shall also see that the elements of this
matrix combine the cosmological aspects of Sec. III. A and the stationary thermal-like
aspects of Sec. II1. B

To compute the coefficients of the S-matrix, we first need to identify the incoming and
outgoing modes. At fixed w, for quartic dispersion, the general solution of Eq. (3.29)
contains 8 asymptotic branches, 4 for X — oo, and 4 for X — —oo. In addition,
when forming wave packets in w, one finds that 4 propagate towards X = 0, whereas 4
propagate away from it. The mode identification is based on this second aspect: The
4 incoming modes, are, by definition, the 4 solutions that only possess one incoming
asymptotic branch. These incoming modes are simply given by the Fourier transform of
the stationary BD modes ¢BP, thereby showing that the definitions of in modes based
on their temporal behavior and the spatial one are perfectly consistent.

To see this, let us consider as an example (qb?B’U)*. Using Eq. (4.54), its asymptotic
behavior can be found using [WRO1]. Up to an irrelevant overall constant, one finds

2

@YY~ (F 1) e ()
X —Zo0 ixQ (459)
- 1, w Y
+ {Zw,m,i X ()" 1TRE T 4 (p— —u)} ,
where z = HX /X and where the coefficient Z is
9—iu—i} +12HF( w)l (— — i i) R ——" (4.60)

Dt =
At VD(3 — ik 4+ i3)

The first term in Eq. (4.59) describes the incoming high momentum branch, as can be
verified by computing its group velocity dX/dt = 1/0,P,, where P, = 0xS,, is the



72 CHAPTER 4. DISPERSIVE FIELDS IN DE SITTER SPACE

Figure 4.6: In this figure, unlike the repre-
sentation of Fig. 3.1, t = Cst. are horizon-
tal lines, and X = C'st. are vertical ones.

R - The two vertical lines represent the Killing
Bo A horizons at HX = £1. An incoming (BD)
R S ; high momentum positive norm U-mode (in
s thick line) splits into four out modes with
ay f low momenta: an outgoing positive norm U-
A mode (blue line), a negative norm U-mode
I (green dots), a positive norm V-mode (pur-
ple dashes), and a negative norm V-mode
(yellow dash dots). The respective ampli-
tudes of these four outgoing modes are given
) in Eq. (4.64). To draw these characteris-
tics, we work with m = 0, w/H = 5 and
A/H = 1000. The lapse of time spent very
close to the horizon is HAt ~ In(A/w). Tt
diverges for A — oo, in which case one recov-
ers the relativistic behavior, and ultrahigh
initial momenta.

corresponding root of Eq. (4.2). The last two terms describe the 4 low momentum
outgoing branches. One verifies that they propagate away from the static patch, two for
X — oo and two for X — —oo. In Fig. 4.6 we schematically represent the space-time
pattern associated with a wave packet made with ¢BPV.

We now have to identify the out mode basis, i.e., the four unit norm asymptotic
outgoing modes. As in Sec. III. A, we treat separately the massless and the massive case.

1. The massless case

Since asymptotic outgoing modes have low momentum P, they obey the two-dimensional
relativistic d’Alembert equation. At fixed w, the equation for the right moving U-modes
is

(iw — HX0x)gl = 0xol. (4.61)

For w > 0, the out U-modes of positive and negative unit norm are

(1+ HX)“/H
V2w/H
(L1 Xy (4.62)

V2w/H

The V-modes ¢x:2“t, ((b‘js“;;)* are obtained by replacing X by —X in the above.
We put the 4 modes in a vector in the following order ®, = (¢Y, (¢Y)*, ¢V, (6V)"),
both for the BD and the out modes, and we define the S-matrix by ®5P = S, &2t We

¢>f§;§’;“f =01+ HX)

(¢707)" = 6(=1 — HX)
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find that S, factorizes? as

ap 0 0 [ o g0 0
0 o B0 oot 0 0
Sw = 0 B ap 0 X 0 0 aff g | (4.63)
B0 0 of 0 0 BH aff
Moreover, the Bogoliubov coefficients ay, B are those of Eq. (4.42), and off, B are

the standard relativistic coefficients, taken real, and obeying 37 /afl = e™™/H and
|12 — |BH]? = 1. To get these real coefficients we chose the (arbitrary) phases of the
out modes in an appropriate manner. There are only 4 different coefficients in .S, and
they all have a clear meaning when considering one BD mode. In Fig. 4.6, we represent
the mode

05> = audly + Bu(@70) + At + Bu(o7R)" (1.64)

The a,, 8, coefficients weigh the mode mixing amongst U-modes of opposite norm,
whereas A, and B, describe respectively the elastic and the anomalous U — V' mode
mixing. The norm of these four coefficients obey

0uf? = Jouf? x (1 + 1), (Bl = ol x 0! L6
|Aw|2 = ’6k|2 X ngv ‘Bw’2 = |5k|2 X (ni{ + 1)’ '
where nff = 1/(e*/T# — 1) is the Planck spectrum at the standard temperature Ty. We
see that the deviations from the relativistic spectrum are proportional to |ay|> — 1 =
\5k]2 ~ A% as those breaking the relativistic U-V decoupling. Thus both deviations
from the relativistic theory are governed by the cosmological pair creation rates at fixed
k. We notice that the decay of the deviations from thermality in 1/A* is in agreement
with the decay in 1/w!_ _ found in a black hole metric when working at fixed D, see
Fig. 14 of Ref. [MP09b]. We also notice that irrespective of w and A, the elastic |A,|
is the smallest coefficient. We finally emphasize that these extremely simple results are
ezact, and follow from the hypergeometric functions o F» of Eq. (4.54).

2.  The massive case

As in Sec. III. A, the massive out modes should be handled with care. An orthonormal
basis for these out modes is given by the following right modes (R):

w

(HX)iﬁ_w outx _Q(X)<HX)Z%+W
VopHxX T TR V2u(HX)

together with the L-modes obtained by replacing X by —X in the above expressions.
We have used this R-L separation in the place of the U-V one based on the sign of the
group velocity, because, for massive modes the asymptotic group velocity with respect
to the flow v = HX is no longer well defined.

o = 0(X)

(4.66)

2. This decomposition is due both to the affine group and to the fact that the infra red is not modified.
It will be made explicit in a more general context in Chap. 5, Sec. IIL. B, see in particular Eq. (5.45).
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We now put the four out modes of frequency w in a vector in the following order
D, = (P8, (o7,)*, ¢L, (¢ ,)*), while the four in modes are ordered in the same order as
in the massless case. Defining again the S-matrix by ®5P = S, &% we obtain

a 0 0 B T, 0 R, 0

Lo a B 0 0 T. 0 R
=10 Beaw 0 || R 0 T 0 (4.67)

B0 0 af 0 R, 0 T.

On the left matrix, the ay, fi coefficients are those of Eq. (4.41). Hence, as far as this
matrix is concerned, we obtain the same structure as in Eq. (4.63). Instead on the
w-dependent right matrix, the coefficients are

o= (n—w/H)/2 em(n—w/H)/2

- R, = .
V/2coshm(p—w/H) V/2coshm(p—w/H)

(4.68)

w

They obey the unitarity relation |T,|* + |R,|> = 1. Hence unlike what was found in
Eq. (4.63) the right matrix now describes an elastic scattering between modes of the
same norm. As a result, the main difference between the massless and the massive
case is that the final occupation number of massive particle no longer diverge as Ty /w
for w — 0. This disappearance of the thermal like divergence was already found in
Ref. [CFP*12] in black hole metrics.

Conclusions

In this chapter, we obtain two kinds of results, precise mathematical ones characterizing
dispersive fields in de Sitter space, and more general ones associated with the observation
that thermality is violated when Lorentz invariance is broken at high energy. This work
is a completion of Ref. [MP08|, where consequences of dispersion on inflation is studied.

Concerning the first kind, in Sec. I, we used the group associated with the two resid-
ual symmetries of dispersive fields in de Sitter to provide precise relationships between
the two representations of the field, based respectively on the homogeneity and on the
stationarity of the settings. The key result is that the homogeneous modes and the
stationary ones can be all expressed in terms of the single BD mode ypp(P) and its
complex conjugated, where ypp obeys Eq. (4.8), see Egs. (4.9) and (4.10). For free
fields, all observables are thus encoded in that single mode.

In Sec. II we show that the two-point function computed in the BD vacuum is still
stationary and periodic in () with period 27/H, as it is for Lorentz invariant fields.
In spite of this, we then show that the BD vacuum is no longer a thermal state when
restricted to the static patch. In particular, we show that the temperature function
of Eq. (4.20) is, for ultrahigh frequency w/A > 1, n times the standard one, where
n is the highest power of P? in the dispersion relation of Eq. (4.1). In Sec. IIL. B, by
considering the response function of particle detectors with different acceleration, we
also show that the Tolman law is violated. Even though the BD vacuum is no longer in
thermal equilibrium, we prove that (for free fields at least) it is still the only stationary,
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regular, and stable state, as it is in relativistic theories [MM11b,MM11a,Hol13]. In other
words, for dispersive fields, there is no (regular) KMS state on de Sitter space. We believe
that these properties will remain true when considering interacting fields. Finally we
explain the origin of the violations of thermality in terms of the loss of the positivity of the
stationary Hamiltonian restricted to the static patch. Whereas this operator possesses
a spectrum bounded from below for Lorentz invariant theories, this is no longer true for
dispersive fields. As a result the ordinary second law of thermodynamics is no longer
protected, violations of this law are possible, and the system might develop dynamical
instabilities. In this respect the fact that the BD vacuum is shown to be stable in de
Sitter becomes a nontrivial result.



Chapter

Dissipative fields in de Sitter space

Introduction

While high-energy dispersion is rather easily introduced (see Chap. 4) and has been
studied in many papers both in cosmological settings [MBO01, Nie01, NP01, MP08| and
black hole metrics [Unr95, BMPS95a|, see e.g., Ref. [Jac99] for a review, dissipation has
received comparatively much less attention.

In this chapter, we study a scalar quantum field ngS that has a standard relativistic
behavior at low energy but displays dispersion and dissipation at high energy, thereby
violating (local) Lorentz invariance. The dissipation is introduced in covariant language
so that it can be generalized to any space-time. We then study the effects of dissipation
on pair particle production and on the fluxes received by an inertial observer. We also
study the fluxes produced by space-time and reaching infinity because it would be ex-
perimentally accessible in analogue gravity experiments. This chapter is mainly based
on Ref. [ABP13].
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I. Covariant settings for dissipative field

A. Action for dissipative field

When preserving unitarity and general covariance, dissipation is technically more difficult
to handle than pure dispersion. To do so in simple terms, following [Par07], we introduce
dissipation by coupling ¢ to some environmental degrees of freedom v, and the action of
the entire system Sio = Sg + Sy + Sine 1s taken quadratic in ¢, 1), as in models of atomic
radiation damping [AB76] and quantum Brownian motion [UZ89]. Again, for reasons of
simplicity, we shall work in 1 4+ 1 dimensions. The reader interested in four-dimensional
models may consult [ACNPOS§|, where there is a phenomenological study of inflationary
spectra in dissipative models.

In the present work, we consider dispersion relations that contain both dispersive and
dissipative effects. These relations can be parametrized by two real functions I', f as

VP + 200 =m>+ P>+ f = F?, (5.1)

where T'(P?) > 0 is the damping rate, and f(P?) describes dispersive effects. To recover
a relativistic behavior in the infrared, a typical behavior would be I' ~ P2 and f ~ P*
for P2 — 0. In Eq. (5.1), Q and P? are, the preferred frequency and momentum defined
in Chap. 3, Sec. III. B.

We now consider a unitary model which implements Eq. (5.1). This model is not
unique but can be considered as the simplest one, as shall be made clear below. In
covariant terms, the total action Sior = Sy + Sy + Sint 18 [compare with Eq. (1.45)]

% / d*x/—(x) [-8" VoV, 0 — m*¢? — ¢ f (=V3) o]

43 [Exv/=e [ ac (e - (=02 5.2
v [ e | (v(900) (7. [ dcuc) |

In the first line, S, is the action for a massive dispersive field. It coincides with the one
we took in Chap. 4. In two dimensions, the self-adjoint operator which implements P? is
—V?2 = VIV, where V4 = 5"V, is an anti-self-adjoint operator (when u is a freely falling
frame), VI = —Vs" its adjoint, and V,, the covariant derivative. A four-dimensional
version of this model can be found in [Par07].

The second line, the action for the 1 field, contains the extra parameter ¢, which
can be considered as a momentum in some extra dimension. Its role is to guarantee
that the environment degrees of freedom are dense, something necessary to engender
dissipative effects when coupling 1 to ¢ [Par07,UZ89]. The kinetic term of v is governed
by the anti-self adjoint operator V,, = —(u*V,, + V,u")/2 which implements 2 = u#p,,.
We emphasize that there is no spatial derivative acting on . This means that the
quanta of v are at rest in the preferred frame. This restriction can easily be removed by
adding the term ci(sz)Q which associates to ¢, the group velocity of the low ¢ quanta.
Including this term leads to much more complicated equations because dissipative effects

Stot -
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are then described by a nonlocal kernel, as shall be briefly discussed after Eq. (5.11). For
reasons of simplicity, we shall work with ¢, = 0 which gives a local kernel. Moreover,
in homogeneous universes ¢, = 0 also implies that the ¢-modes are not parametrically
amplified by the cosmological expansion. When working with given functions I'( P?) and
f(P?), we do not expect that the complications associated with ¢, # 0 will qualitatively
modify the effective behavior of ¢, at least when dissipative scale is well separated from
the Hubble scale.

The interaction between the two fields is given by the action of the third line. The
strength and the momentum dependence of the coupling is governed by the function
v(P) which has the dimension of a momentum. Its role is to engender the decay rate
[' entering Eq. (5.1). The last two lines possess peculiar properties which have been
adopted to obtain simple equations of motion. These are

[V, + -] 0 =1(V)V, [ dow, (5.31)
(V2 + (0] e = =Vuy (Vi) (5.3b)

B. Effective equations of motion

In this section, we use an exact resolution of Eq. (5.3b) to get the efffective equations
of motion for qg depending only on the diverse initial conditions on the Cauchy surface
(t = —oo in de Sitter).

The solution to Eq. (5.3b) is

() = $20<) — / Px/—gX)Ce(X s x) Vo (V) 6 (x), (5.4)

where LZJ? is a homogeneous solution, and where the driven solution is governed by
Ge¢(x,x'), the retarded Green function of ¢).. When injecting ¢ in the rhs of the first
equation, one obtains the equation of ¢ driven by 2/12. The general solution can be writ-
ten as ¢ = ¢4 + ¢%*, where the decaying part is a homogeneous solution, and where the
driven part is given by

$ () = / Px/ &) G (X x)7(V 1)V, / ACUR(x). (5.5)

In a general Gaussian ¢ — 1 model, the retarded Green function G, would obey a
nonlocal equation, i.e., an integro-differential equation. We have adjusted the properties
of Sy and Siy precisely to avoid this. Two properties are essential. Firstly, at fixed ¢ and
along the orbits of u, Eq. (5.3b) reduces to that of a driven harmonic oscillator. This
can be seen by using the coordinates (¢, z) defined by u*0, = —0;. where 2 is a spatial
coordinate which labels the orbits of u. Then, V, applied to scalars is

V.= a’1/28t|za1/2, (5.6)

= o' 6t and where © = —V,u" is the expansion of u. Hence the

‘Ijﬁ(ta Z) =V a<t7 Z)w((t, Z) (5'7)

where a(t, z)
rescaled field



I. COVARIANT SETTINGS FOR DISSIPATIVE FIELD 79

obeys the equation of an oscillator of constant frequency we = 7|(|, see Eq. (1.35).
Secondly, when summed over (, the retarded Green function of ¢ obeys [Par07]

Vu/ d¢Ge(x,X) = 0°(x — X), (5.8)
where 6%(x — x') is the covariant Dirac delta, i.e., [ d*x\/—g(x)h(x)d*(x — x') = h(X).
Eq. (5.8) guarantees that the differential operator encoding dissipation is local. Namely,
when inserting ¢ of Eq. (5.4) in Eq. (5.3a), one finds

Qi = 2(V) V. [ dcu? (59)
with the local differential operator
Oaiss = [Vuu'u"V, + F2(=V2) + v(V)) V7 (V,)] - (5.10)

One can now verify that the WKB solutions of [gis¢ = 0 are governed by a Hamilton-
Jacobi action which obeys the dispersion relation of Eq. (5.1) with

I=|y]*/2. (5.11)

The reader can also verify that any modification of the actions Sy, and S, leads to
the replacement of [gis by a nonlocal operator. When considered in simultaneously
homogeneous and static situations, this is not problematic because one can work with
Fourier modes in both space and time. However when considered in nonhomogeneous
and /or nonstatic backgrounds, it becomes hopeless to solve such an equation by analyt-
ical methods.

In our model, the retarded Green function thus obeys

DdissGret (X7 X,) - 52 (X - X,), (512)

and vanishes when x is in the past of x', where the past is defined with respect to the
foliation introduced by the u field. When canonically quantizing ¢ and 1, since our
action is quadratic in the fields, the commutator Ge(x,x') = [(x), ¢(x')] is independent
of piot, the state of the entire system. Moreover, it is related to G, in the usual way

—1G (X, X') = Gret (%, X') — Gret (X', X). (5.13)

In this chapter we only consider Gaussian states. This implies [MW95, Leo97| that
the density matrix pir, and all observables, are completely determined by the anti-
commutator of ¢,

Gaclx,X) = ({99, 6()} ) (5.14)

that of z@, and the mixed one containing gE and QZ} Decomposing the field operator
¢ = e + ot Gac splits into three terms. The first one involves only ¢, the second
contains both ¢4 and ¢, and the last only ¢¥. When assuming that the initial
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conditions are imposed in the remote past, because of dissipation, only the last one is
relevant. Using Eq. (5.5), it is given by

Gdr(x x') / d?x1 v/ —g(x1)d*)g\/ —g(X2) Gret (X, X1 ) Gret (X, X2 ) N (X1, X2), (5.15)

where the noise kernel is
Nxx) VDV, [ [ deac (10009.0060)). (510)

In Sec. IT and Sec. IIT, we compute G in de Sitter space-time and extract from it pair
creation probabilities and Hawking—like effects taking place in de Sitter space for states
that are invariant under the affine group, see Chap. 3, Sec. III.

II. Homogeneous picture

A. Dissipation and nonseparability

In this section, we decompose the fields in Fourier modes of fixed k. This representation
is suitable for studying the cosmological pair-creation effects induced by the expansion
a(t) = et = —1/Hn.

To express the outcome of dissipation in standard terms, we exploit the fact that
Lorentz invariance is recovered in the infrared, for momenta P = ke™* much lower than
dispersive and dissipative scales. In this limit, since I and f of Eq. (5.1) are negligible,
the k components of (/5 decouple from 1@, and obey a relativistic wave equation. Hence,
the k component of the (driven) field operator of Eq. (5.5) can be decomposed in the
out basis as

Out) ~ o (1) + 4l o ()" (517)

where the out modes ¢! obey the scalar relativistic wave equation and satisfy the
standard positive frequency condition at late time. This means that the (reduced) state
of gb (obtained by tracing over 1/)) can be asymptotically described in terms of conventional
excitations with respect to the asymptotic out-vacuum.

The out operators ay, al obey the standard commutation rule [y, al,] = d(k — k).
For notational simplicity, we omit the §(k—k’) when writing two-point functions because
it is common to all of them since we only consider homogeneous states. For instance,

<{$L, ngSkl}> = §(k — k') x G*_. Using Eq. (5.17), the coefficient of the § function is

G (L1, = 2 2ns + 1] |65 (0) + 4Re [ (65(9) ] (5.18)
where
Nk = <:ai(ék> = <E§LT_ké,k> s Ck = <é,kék> . (519&)

The mean number of asymptotic outgoing particles is ny > 0, whereas the complex
number ¢, characterizes the strength of the correlations between particles of opposite
wavenumber. The relative magnitude of this number leads to the notion of nonsepara-
bility, see Chap. 2, Sec. II. C. To characterize the level of coherence, we shall use the
parameter ¢ of Eq. (2.32), see Ref. [CP05D).
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B. Invariant states and P representation

Since the states we consider are invariant under the affine group, n; and ¢ are necessarily
independent of k. We shall nevertheless keep the label k£ to remind the reader that we
work at fixed £ and not at fixed w as in the next section. Because of the affine group,

X(P) = VE x ¢ (t), (5.20)

only depends on P, where ¢i°(¢) is the (positive unit norm) out mode of Eq. (5.17). The
norm of the mode x is fixed by the Wronskian, see Eq. (4.7):

W (™) = 2HS[(x*)*0px™] = 1. (5.21)
Using such x*' and Eqs. (3.37) and (5.18), Eq. (5.15) can be written as

2 4
Gac(P, P)|p_ = [an + 1] X (P)]* + ﬁRe [ex (X" '(P))?] (5.22a)
4P, dP
/ / B G PR) G (P, PN (P, P), (5.22D)

In the second line, the noise kernel of Eq. (5.16), which is also invariant under the affine
group for the set of states we are considering, has been written in the P-representation
using Eq. (3.37). To extract ng and ¢ from the above equations, we need to compute
Gret and N.

Using Eq. (3.37), Eq. (5.12) reads

V=iP) o AP) | F?
VP TR T

The unique (retarded) solution can be expressed as

H?0% — Hop ] Giet(P, P =06(P — P)). (5.23)

2 /
Gree( P, P') = (P = P)3 (XpXpr) e 7F (5.24)
with the optical depth [ACNP0S|,
, P (P
I8 = dP . 2
P arn (5.25)

Its role is to limit the integrals over P, and P, in Eq. (5.22b) to low values so that
ZF < 1. All information about the state for higher values of P is erased by dissipation.
In Eq. (5.24) we have used

X(P) = e x(P), (5.26)
where x is a homogeneous damped solution of Eq. (5.23), in agreement to the functions
introduced before Eq. (3.26). By construction, x(P) obeys the reversible (damping free)
equation !, see Eq. (3.26)

[H*P?0% + F? —T?] y(P) =0, (5.27)

1. For high values of P, the effective dispersion relation is superluminal if Op(f — I'?) > 0, and
subluminal if this quantity is negative. The critical case, f —I'? = 0, gives rise to a relativistic dispersion.
In the case where F?2 —I'? becomes negative, the mode enters an overdamped regime, see Ref. [ACNP0S].
To avoid the complications this entails, we will only consider f —I'2 > 0.



82 CHAPTER 5. DISSIPATIVE FIELDS IN DE SITTER SPACE

and is normalized by Eq. (5.21). Moreover, we impose that it obeys the out positive
frequency condition, meaning that in the limit P — 0, it asymptotes to the out mode
X' of Eq. (5.20). Hence, comparing Eq. (5.22a) with Eqs. (5.22b) and (5.24), we find

1 & dPl dPQ _ _ _Ipl_IPQ
- = ——R P)x* (P o o N(Py, P 5.28
mots = [ e R MPIT (P (PLR),  (5280)
> dP1 dP2 . . PP
Cp = //0 H—]312P_22X (Pl)X (Pg)e Zo =10 N(Pl,PQ). (528b)

These central equations establish how the environment noise kernel N fixes the late time
mean occupation number and the strength of the correlations.

We now compute N. When u is freely falling, the rescaled field \112 of Eq. (5.7) is
a dense set of independent harmonic oscillators of constant frequency w, = 7|(|, one
at each z. The frequency is constant because we set ¢, = 0 in the action for 1, see
the discussion after Eq. (5.2). It implies that the positive frequency mode functions are
the standard et/ \/ﬂ , and that the state of these oscillators remains unaffected by
the expansion of the universe. Hence T}, the temperature of the environment, is not
redshifted.

We here wish to recall that for relativistic (and dispersive) fields, the vacuum state
of zero temperature is the only stationary state which is Hadamard, see Chap. 4, Sec. II.
Hence, for these fields, the temperature is fixed to zero. This is not the case in our
model where any temperature 7T}, is acceptable. In what follows, we shall thus treat T},
as a free parameter, and work with homogeneous thermal states. This means that the
expectation value of the anticommutator of 1/32 is given by

dz—2") 5(¢ — ') coth We COS (wCAt)‘

<{¢8(X)7¢2’(X/)}> = a(t)a(t’) 2T1/1 we

(5.29)

The factor coth(w:/2Ty) = 277,? + 1 is the standard bosonic thermal distribution. The

prefactor §(z — 2')/y/a(t)a(t’) comes from the facts that 1&2 of Eq. (5.7) is a dense set
of independent oscillators, and that a(t, z) reduces here to the scale factor a(t). To get
N of Eq. (5.16) one should differentiate the above and integrate over . The integration
gives a distribution which should be understood as Cauchy principal value,

o(z — %) 0 P.V.coth (7T, At).

[ 4cac e (1000 =~ o

(5.30)

To be able to re-express Eq. (5.30) in the P-representation, it is necessary to verify that
it is invariant under the affine group. This is easily done using notations of Chap. 3,
Sec. IV. One verifies that the first factor simply equals (A,), whereas the second term
is only a function of A;. Taking into account the derivatives of Eq. (5.16), in the P-
representation, the noise kernel at temperature T}, reads

. . 7T, !
P
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The symbol P.V. indicates that when evaluated in the integrals of Eq. (5.28), the nonsin-
gular part should be extracted using a Cauchy principal value prescription on In(P'/P) =
H(t—1).

In the high-temperature limit, the double integrals of Eq. (5.28) can be evaluated
analytically because N effectively acts as a Dirac delta function. Instead, when working
with an environment in its ground state, or at low temperature 7, we are not aware of
analytical techniques to evaluate these integrals. Hence, to study the impact of dissipa-
tion on coherence in (near) vacuum states, we shall numerically integrate Eqs. (5.28).

C. Numerical Results
In the forthcoming numerical computations, for simplicity, we work with

P , P’

f=% D=5 (5.82)

which contain the same ultraviolet momentum scale A. The dimensionless coupling
g? controls the relative importance of dispersive and dissipative effects. In the limit
g?> — 0, we get the quartic superluminal dispersion studied in Chap. 4, Sec. III and in
Refs. [MP08,BP12|. The critical coupling g%;, = 2, greatly simplifies the calculations,
since f —I'? = 0 guarantees that x(P) obeys a relativistic equation, see Eq. (5.27).
Using a numerically stable procedure to extract the Cauchy principal values like in
Ref. [ACNPO08]|, we compute n;, and ¢ of Eq. (5.28) in the parameter space A, g%, m?,

and T,. Since all physical effects only depend on dimensionless ratios, we present the
numerical results in terms of p = \/m?/H? —1/4, \=A/H, and ¥ =T, /H.

1. Massless critical case

We begin with the massless case (m = 0) and with g = gey. Then Eq. (5.27) is partic-
ularly simple since the rescaled mode y of Eq. (5.26) reduces for all P to the out-mode
X(P) = e/ /\/2H . In this we recover the conformal invariance of the massless field in

Figure 5.1: Numerical values for n; and ¢y, for
a massless field with critical damping g = gerit
and quartic superluminal dispersion at the en-
ergy scale A = H\. For comparison, we have
represented by a dotted line the ny of the quar-
tic dispersive field (in which case ¢ = 0 iden-

[ — g forg®=2 tically). Surprisingly, the state is nonsepara-
e O for g2 =2 : ble, 6, < 1, for all values of \. Moreover, J
10°F ny for g* =0 > decreases when dissipation increases.
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two dimensions. There usually would be no particle production when it propagates in de
Sitter space, however, the conformal invariance being broken by dissipation, pair-creation
will take place.

In Fig. 5.1 we present ny, and J; when the environment is in its ground state (T, = 0).
For comparison, we also show ny, for quartic dispersion (¢g? = 0) which can be computed
analytically in the Bunch-Davies vacuum [MPO0§|. For A — oo the number of particles
goes to zero as 1/, as is expected since conformal invariance is restored in this limit.
Despite dissipation, we find that d, < 1 for all values of A\. This indicates that the state
is always nonseparable in the two-mode k basis. In addition, contrary to what might
have been expected, the two-mode entanglement is stronger for smaller values of A, i.e.,
stronger dissipative effects. The reason for this has to be found in the fact that A also
sets the scale where conformal invariance is broken.

Let us now turn to the effects of the environment temperature 7,. Figure 5.2 shows
contour plots of n; and d; for a massless field with Eq. (5.32), again for ¢ = g In the
limit A — oo, we observe that n, — 0 irrespectively of the value of T,. This establishes
that there is a robustness of the relativistic result in the limit A\ — oo which generalizes
that found for dispersive fields, see e.g., Ref. [MP08]. This should not be a surprise
since we showed in Chap. 4, Sec. 1T that when 1 is not coupled to ¢, i.e., g>/\ — 0,
only the BD vacuum is stationary stable state. Moreover, in the high-temperature limit,
Eqgs.(5.28) can be evaluated analytically to give

LAV (1 1 +erﬁ2\/X> | (539

2\

where erfi is the imaginary error function. We compared the corresponding contours with

ng + 5~ N o2\

Z
¢1

Figure 5.2: Contour plots of Innj and In d; for a massless field with critical coupling g = gerit
in the parameter space (A = A/H, ¥ = Ty/H) . At low temperatures, for ¥ = Ty,/H < 1/10,
ng and Jx barely depend on 9. On the contrary, for high temperatures, ¥ 2 1, nj scales as
ng o< YN"Y2 whereas 0y, scales as 0 oc 9A"L/2 for A 21, and §; x IN/2 for A < 1. The hatched
region indicates the numerical uncertainty about the threshold value §; = 1 found when np < 1.
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the numerical ones shown in Fig. 5.2 and found that they are practically indistinguishable
for ¥ > 10.

When considering the effects of T;,, we observe two regimes. At low temperature
(¥ < 1), ng and J; only depend on A and are basically given by the zero temperature
limit shown in Fig. 5.1. However, at large temperature (¢ > 1), they depend on A and ¢
according to Egs. (5.33). As expected, the strongest signatures of quantum entanglement,
0 < 1, are found in the region where the breaking of conformal invariance is large
(and hence pair-creation is active) and when the environment temperature is small, so
that the spontaneous pair-creation events are not negligible with respect to thermally
induced events. On the other hand, when the temperature is large, the final state is
separable since d; > 1. In Fig. 5.2 (right panel) we see that the threshold case §;, = 1 is
approximatively given by ¥ ~ A~%/2 for A < 1. The hatched region for A > 10 represents
the numerical uncertainty in the region where ny is much smaller than 1.

2. Massive fields

We remind [see Chap. 4, Sec. III. A] that the massless case m = 0 is an isolated point in
the mass spectrum: a well-defined notion of out-quanta requires either m = 0 or u? > 0.

In the latter case, the asymptotic out-modes with positive frequency (see, e.g., Appendix
B of Ref. [MP08|) are given by

T VP

v(P) = —J.(P/H .34
W(P) =\ Sl P/H). (5:39)
where J denotes the Bessel function of the first kind.

Figure 5.3 shows the contour plots of n; and §; for a massive field with % = 1 and

g = Jait, in the same parameter space (A, ¥) as in Fig. 5.2. The case of a Lorentz-

Figure 5.3: Contour plots of Inny and In dy for a massive field (u = 1) with critical coupling
g = gerit in the parameter space (A = A/H, ¥ = T, /H). As in Fig. 5.2, for low temperature
¥ < 0.1, ng and & are independent of the temperature. Instead for ¥ 2> 1 and A > 1, n and
8 scale both as 9A~1/2.
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invariant field in the Bunch-Davies state is recovered in the limit A — oo, ¥ — 0.
Now conformal invariance is already broken by the mass term and therefore nj remains
nonzero in this limit.

At zero temperature, the strongest entanglement (lowest ;) is found at large values
of A, i.e., weak dissipation. This was expected, since dissipation reduces the strength of
correlations. However, as in the massless case, the threshold of separability 6, = 1 is not
crossed.

When increasing the environment temperature Ty, we see that the strength of corre-
lation is reduced, and separable states are found. The nonseparability criterion &y < 1
is therefore only met either when T}, is smaller than the Gibbons-Hawking temperature
Teu = H/2m, or when the coupling to the environment is sufficiently weak. Notice also
that the behavior at high temperature can again be obtained analytically, the integrals
over the Bessel functions becoming hypergeometric functions.

3. Role of g in the underdamped regime

It is also interesting to consider the role of the coupling g, see Eq. (5.32). As ¢* ap-
proaches zero, the dissipative scale 2A/g* is moved deeper into the UV with respect to
the dispersive scale which is fixed by A. In the limit ¢ — 0, the field becomes purely
dispersive and ny, 0 can be computed analytically [MP08] in the Bunch-Davies vacuum.
For g? < 2 the mode is underdamped. In this case, the solutions to Eq. (5.27) which
correspond to asymptotic out-modes of positive frequency are given by, see Eq. (4.39)

UP) = (-2@&) H;Hw/—1 M i i (5.35)
X - 2,Up 2 ) 2 ) 25\ ) ‘
where A = \/\/4 — ¢
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Figure 5.4: Contour plots of dng/n? and & for a massive field (u? = 1) in the underdamped
regime g? < g2.. The environment is in its ground state (J = 0) and the two axes are the
dispersive scale A and the dissipative one 2\/g? > \.
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Figure 5.4 shows contour plots of dng/nd = (ny — n?)/n? (where nf is the number
of particles without dispersion and dissipation) and 0, for a massive field in the un-
derdamped regime. Here, we set 7}, = 0, and plot the results in the parameter space
spanned by the two (dimensionless) ultraviolet scales: A which characterizes dispersion,
and 2)\/g? which is the UV scale of dissipation. The latter is larger than the former
in the underdamped regime. The grey areas therefore correspond to the overdamped
regime which we did not study.

In the weak dispersive/dissipative regime A 2 10, it is clear that dn, and & are both
dominated by dissipative effects. For the latter, this is because dispersion alone does not
lead to decoherence. For the deviation dny, this follows from the fact that dispersion
gives an exponentially small correction to the pair creation process (see Ref. [MP0§]),
while the corrections due to dissipation are only algebraically small. As a result, the
hierarchy of scales does not directly fix the importance of the respective effects.

On the other hand, when dispersion is strong (A < 1) the pair creation process is
basically governed by dispersive effects. The correction to the particle number due to
dissipation is very small (compared to the dispersive correction). One can also observe
that the degree of two-mode entanglement is then basically governed by the separation
between the two scales ¢2, i.e., d is determined by the strength of dissipation at the
dispersive threshold, (I'/P) |p=x.

III. Stationary picture

In the absence of dispersion/dissipation, it is well known that the Bunch-Davies vacuum
is a thermal (KMS) state at the Gibbons-Hawking temperature Tgy = H/27 [BD84|. Tt
is also known that this is the temperature seen by any inertial particle detector, and that
this is closely related to the Unruh effect found in Minkowski space, and to the Hawking
radiation emitted by black holes [BMPS95b|. In the presence of dissipation, while the
stationarity of the state of ¢ is exactly preserved when the state of the environment is
invariant under the affine group, the thermality of the state is not exactly preserved. This
loss of thermality, which generalizes what was found for dispersive fields, see Chap. 4,
Sec. II, questions the status of black hole thermodynamics when Lorentz invariance is
violated [DS06, EFJWO07, JW10].

A. Loss of thermality

To probe the stationary properties of the state, we consider the transition rates of particle
detectors at rest with respect to the orbits of K;. This means that the detector is located
at fixed H|X| < 1 in the coordinates of Eq. (3.5). In this case, the two-point functions
only depend on ¢ — ¢’ and can be analyzed at fixed w = i0;|x, see Eq. (3.31b). (The
above restriction on X simply expresses that the trajectory be timelike.)

The transition rates [see Eq. (4.19)] are, up to an overall constant, given by Fourier
transforms of the Wightman function Gy [BMPS95b|. The rates then determine n,,(X),
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the mean number of particles of frequency w > 0 seen by a detector located at X, through

no(X) _ Gw(X, X)
no(X)+1 G (X, X)

(5.36)

To study the deviations with respect to the Gibbons-Hawking temperature Ty = H /27,
we generalize the temperature function Ty (w, X) introduced in Eq. (4.20) to any state
by
(X)) (5.37)
ne(X) +1
It gives the effective temperature seen by the detector, and reduces to the standard
notion when it is independent of w.

In the following numerical computations, for simplicity, we work at X = 0 with
an inertial detector, with ¢ = gei, m = 0, and T, = 0. Since the calculation of the
commutator of ¢ is much faster and more reliable than that of the anticommutator,
instead of using Eq. (5.36), n,, shall be numerically computed with

_ Gw(XX)

ne(X) = iz x)

(5.38)
The denominator is expressed using Eq. (5.13). The numerator is obtained from in-
tegrating the retarded green’s function G¥,(X,P) in a mixed X, P representation and
the noise of Eq. (5.31) with 7, — 0. In addition, the principal value is replaced by
a prescription for the contour of In P/P’ = Ht to be in the upper complex plane. In
this we recover the fact that when the anticommutator in the vacuum is P.V.(1/t), the

corresponding vacuum Wightman function is 1/(t — ie).

e L e s e B s e e B e ]

1.000

15f ] 0.500
14p

13p

Ty/Th
o
[
8
///
/’/
,
y

12

11F

10

w/Ty A

Figure 5.5: Plot of the ratio Ty (w)/TH Figure 5.6: Plot of Ty/Ty — 1 in logarith-

as a function of w/Ty for various values of
A. We work with a massless field with g =
gerit, for a detector localized in the center
of the patch (X = 0), and with T}, = 0.
The values of A are 1 (continuous), 3 (dot-
dashed), 5 (dashed), and 10 (dotted.)

In Fig. 5.5, we plot the ratio Ty(w)/Ty as a function of w for various values of A, and
for Ty = 0. We first observe that Ty (w) is constant for all frequencies from zero to a

mic scales as a function of A, where Tj is
the low-frequency temperature of massless
fields with g = gerit and when Ty = 0 (2)-
vacuum). We have also represented by a
dotted curve the same quantity evaluated
without dissipation when the state is the
Bunch-Davies vacuum.
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few multiples of Ty. Hence, the Planckian character of the state is, to a high accuracy,
preserved by dissipation, as was found in the presence of dispersion, see Chap. 4 and
Refs. [MP09b, FP11]. For higher frequencies, i.e., w/Ty > 4, we were not able to study
Ty (w) with sufficient accuracy because of the numerical noise associated to n, < 0.01.
As in the dispersive case, we expect that the temperature function Ty (w) is modified for
w2 A

Second, when A is smaller than 5, i.e., when dissipation is strong, we observe that
the temperature is significantly (more than 5%) larger than Ty. These deviations are
further studied in Fig. 5.6, where we plot the deviations of Tj, the low-frequency effective
temperature, with respect to Ty as a function of \. We observe that the deviation due
to dissipation asymptotically follows

——1 ~ (6M)7" (5.39)

This law has been verified up to A = 103. It has to be compared with the deviation due
to quartic dispersion studied in Chap. 4, Sec. I1I. This deviation is represented by the
dotted curve, and scales as Ty*? /Ty — 1 ~ e ™/4_ In other words, the deviation due to
(quadratic) dissipation decreases much slower than that due to (quartic) superluminal
dispersion. The important lesson for black hole thermodynamical laws is that ultraviolet
dispersion and dissipation both destroy the thermality of the state. This lends support
to the claim that Lorentz invariance is somehow necessary for these laws to be satisfied.

B. Asymptotic correlations among right movers

As explained in Sec. I1. A, at late time, the ¢ field decouples from its environment. This
allows to use the relativistic out basis at fixed k to read out the state of ¢. Alternatively,
one can also use an out basis formed with stationary modes with fixed frequency w.
Indeed, at fixed w, the momentum P, ~ |w/X| — 0 at large | X|, and dispersive effects
are negligible. Hence QBW(X ), the stationary component of the field operator, decouples
from the environment at large |X|, and can be analyzed using relativistic modes. As
we shall see, this new out basis is not trivially related to the homogeneous one used in
Sec. II because it encodes thermal effects at the Gibbons-Hawking temperature. Hence
the covariance matrix of the new out operators will depend on ny, and ¢, of Eq. (5.28), but
also on these thermal effects. At this point we need to explain why we are interested in
expressing in a different basis a state which is fully characterized by nj and ¢;. The main
reason comes from black hole physics. As shall be discussed in the next chapter, when
certain conditions are met, the results of this section apply to the Hawking radiation
emitted by dissipative fields.

To compute the covariance matrix in the new basis, we recall some properties of the
relativistic massless field in de Sitter. First, because of conformal invariance, the field
operator splits into two sectors which do not mix, one for the right-moving U modes with
k > 0, and the other for the left-moving V modes with k < 0. In addition, in de Sitter,
the time-dependence of all homogeneous modes can be expressed through x™(P) of
Eq. (5.20), which here reduces to

Y*U(P) =P N2H (5.40)
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where P > 0. This mode has a unit positive Klein-Gordon norm, as can be verified using
the Wronskian condition of Eq. (5.21).

We introduce an intermediate basis constructed with the stationary “Unruh” modes
¢, [Unr76]. In the P representation, they can be written as [Parl0], see Eq. (3.30)

G = (P/H) 1 (), (5.41)

They form an orthonormal and complete mode basis if w €] — 00, 00[. The spatial
behavior of the U modes is given by

< dP
0 H\/ 27T

We now introduce the alternative out basis formed of stationary modes which are local-
ized on either side of the horizons, henceforth called R and L modes. They behave as
Rindler modes in Minkowski space. For U-modes, the horizon is located at HX = —1,
and these modes are the ones of Eq. (4.62) and are defined for w > 0. They are easily
related to the Unruh mode by computing Eq. (5.42). Indeed, for w > 0, one gets

0o (X) = X OL(P). (5.42)

¢ = affen i + BH (070", (5.43)

where coefficients a7 and 3 are the standard Bogoliubov coefficients leading to the
Gibbons-Hawking temperature H/2mw. They obey |8 /alf| = e7™/" Asymptotically
in the future and in space, the U part of the field operator can thus be expressed as

du(x) = /0 h dk{axe™ @i (t) + h.c.} (5.44a)
= / h dw{age oV (X) + h.c.} (5.44b)
_ /oo dw{aURefzwt(onut(X) + (d&i)fefiw%(onut) + h.c. } (544C)

0

The V part possesses a similar decomposition, and the V' modes are obtained from the
U ones by replacing X — —X, and R <> L. The ¢! modes are thus defined on either
side of HX = 1.

Using the above equations, the Unruh and the Rindler-like operators of frequency |w|
are related by

~w H H ~w
G’U,P%L o, Bw 0 0 Qry
iy B afl* 0 0 iy
o = x| : (5.45)
av 0 0 CKH Hx av
Y oo Yoot
A=W * A=W
avﬁ 0 0 Bw aw aV

We considered both U and V' modes because our aim is to compute the covariance matrix
of the R and L operators in terms of n; and ¢; of Eq. (5.28), where ¢, mixes U and V
modes. To do so, we first compute the covariance matrix of the Unruh operators. When
working with states that are invariant under the affine group, ny and ¢ of Eq. (5.28)
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are independent of k. This implies that the covariance matrix of the Unruh operators is
independent of w. Indeed, using

A o Jk (k)iw/H—l/QA
ay = — | = ax, (5.46)
v /0 H \H

which follows from the Fourier transforms Eqs. (5.44a) and (5.44b), one verifies that the
independence of k implies that of w. As a result, introducing V.| = dL“’, ag”, &I}”, d‘_/"),

the covariance matrix of Unruh operators reads
o ({re))

=0(w—w) x |2

N 0 0 Cr
0 np ¢ O
0 Cr MNg 0
C;; 0 0 N

(5.47)
+1],

where ny and ¢, are given in Eq. (5.19).
Using the matrix B, of Eq. (5.45), and dropping the trivial factor of §(w — '), the
covariance matrix of R and L operators is

ne ¢, mi Y

crL_poph—o| G e @ ome | (5.48)
W T e m, Voong e, ’ '
IV omi o ny,
where

My, + 1 = (\af|2+ \ﬁ5}2> (2ng + 1), (5.49a)
co = o (BHY (2ny, + 1), (5.49b)
m,, = 2Re (cpal B | (5.49c¢)
27V = (afh)2ep + [(BE) %] (5.49d)

The first two coefficients concern separately either the U, or the VV-modes. They fix the
spectrum and the strength of the correlations. The last two concern the U — V' mode
mixing, and are proportional to c.

Considering the coherence amongst pairs of U-quanta, i.e., ignoring the V-modes, as
in Sec. 11, we use the parameter § of Eq. (2.32)

88 =ngy 4+ 1 — |y /1. (5.50)
Using Eq. (5.49), we obtain

5 ng(ng + 1)
U ([0 + |BH) ny + |BH]
We see that oy does not depend on ¢;. This is to be expected since ¢, characterizes the
correlation between modes of opposite momenta, and since there is no U —V mode mixing

(5.51)
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Figure 5.7: Figure for 67 with w = H for
massless field with critical coupling g = gerit-
In the infalling vacuum, for T, = 0, the non-
separability found for the massless relativis-
tic case is preserved as long as A/H = \ 2
1/5. When the environment is characterized
by a temperature Ty, # 0, the entanglement
is preserved as long as Ty, S VHA/2, as ex-
plained in the text.

for two-dimensional massless fields. More importantly, Eq. (5.51) is valid irrespectively
of the temperature of the environment 7. We can thus study how the separability of
U-quanta is affected by T,. The criterion of nonseparability, oy < 1, gives

2
851 = /Tl S, (5.52)
ew/tH — 1 27’Lk(T¢) +1
where ny(T,) is plotted in Fig. 5.2. Using this Figure, in Fig. 5.7 we study In Y with
w = H as afunction of A and ¥ = T;;/H. At zero temperature T, = 0, we see that the pair
of U-quanta with w = H is nonseparable for A = 0.2, i.e., for a rather strong dissipation
since A = H/5. Using Eq. (5.52) we see that this is also true for all quanta with w/H < 1.
More surprisingly, when A is high enough, this pair is nonseparable even when T}, > T},
i.e., when the environment possesses a temperature higher than the Gibbons-Hawking
temperature. Indeed, whenever T;, < \/ﬂ/Q, the pair is nonseparable, as all pairs with
smaller frequency w.

In other words the quantum entanglement of the low frequency U pairs of quanta
is extremely robust when working with dissipative fields which are relativistic in the
infrared. The robustness essentially follows from the kinematical character of the trans-
formation of Eq. (5.45) which relates two relativistic mode bases. It is also due to the
fact that ng, the number of U — V pairs created by the cosmological expansion, remains
negligible in Eq. (5.49) as long as 1 < A/H, and T, < Ty (A/H)Y2.

Conclusions

In this chapter we used (a two-dimensional reduction of) the dissipative model introduced
in Ref. [Par07] to compute the spectral properties and the correlations of pairs produced
in an expanding de Sitter space. The terms encoding dissipation in Eq. (5.2) breaks
the (local) Lorentz invariance in the ultraviolet sector. Yet, they are introduced in a
covariant manner by using a unit timelike vector field u which specifies the preferred
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frame. In addition, the unitarity of the theory is preserved by coupling the radiation
field ¢ to an environmental field 1) composed of a dense set of degrees of freedom taken,
for simplicity, at rest with respect to the u field. Again for simplicity, the action is
quadratic in ¢, 1, and the spectral density of 1) modes is such that the (exact) retarded
Green function of ¢ obeys a local differential equation, see Eq. (5.10) and Eq. (5.12).

By exploiting the homogeneous character of the settings, we expressed the final oc-
cupation number ny, and the pair-correlation amplitude ¢, in terms of the noise kernel
N and the retarded Green function, see Eq. (5.28). Rather than working with integrals
over time as usually done, we used the proper momentum P = k/a(t) to parametrize
the evolution of field configurations. Hence, Eq. (5.28) can be viewed as flow equations
in physical momentum space.

To precise the analysis of Ref. [ACNPO08| where consequence of dissipation on inflation
is explicitly studied, we numerically computed n; and ¢; in Sec. II. When considering
a massless field, n; and the strength of the correlations are plotted as functions of the
scale separation A/H, and the temperature of the environment 7,,/H, in Fig. 5.2. The
robustness of the relativistic results is established in the limit of a large ratio A/H.
The key result concerns the threshold values of the parameters, see the locus d = 1 on
the right panel, for which the final state remains nonseparable, i.e., so entangled that
it cannot be described by a stochastic ensemble. This analysis was then extended to
massive fields, see Fig. 5.3, and to the consequences of varying the relative importance
of dissipative and dispersive effects, see Fig. 5.4. As expected, the quantum coherence is
lost at high coupling, and when the temperature of the environment is high enough.

In Sec. ITI we exploited the stationarity, and we studied how the thermal distribution
characterizing the Gibbons-Hawking effect is affected by dissipation. As in the case
of dispersion, see Chap. 4, we found that the thermal character is, to leading order,
robust. We also computed the deviations of the effective temperature with respect to
the standard one Ty = H /27, see Figs. 5.5 and 5.6. In preparation for the analysis of the
Hawking effect, we studied the strength of the asymptotic correlations across the Killing
horizon between (right) moving quanta with opposite frequency. Quite remarkably, we
found that the pairs remain entangled (the two-mode state remains nonseparable) even
for an environment temperature exceeding Ty = H/2m, see Fig 5.7.

In conclusion, even though our results have been derived in 1 4+ 1 dimensions, we
believe that very similar results hold in four dimensions, at least for homogeneous cos-
mological metrics and for spherically symmetric ones, because a change of the dimension-
ality only affects the low-momentum mode propagation. Hence even if this introduces
nontrivial modifications, as grey body factors in black hole metrics, they will not interfere
with the high-momentum dissipative effects when the hierarchy of scales A/H, A/xk > 1
is found. They can thus be computed separately.



Chapter

Black hole-de Sitter correspondence

Introduction

At each point of space-time, because of quantum effects, the vacuum contains pairs of
virtual particle-antiparticle. Most of the time, these never become real particles. In some
cases however, some energy can be used to convert this virtual pair into a real one. At
the neighborhood of a black hole horizon, it can happen that one of these virtual particle
fall into the black hole and the other one reaches infinity without being annihilated. The
flux of such particles is the Hawking radiation.

In this chapter, we consider a quantum field theory in a 1+ 1 dimensional space-time
containing a black hole. We show that many aspects of the radiation escaping it are
similar to those found in de Sitter space. We show that the deviations to the Spectrum
of the flux is governed by the width of the near horizon region where space time looks
like de Sitter.
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I. Black hole space time

A. Generalities

We here consider the background for a general Lorentz violating QFT in a stationary
space time in 141 dimensions. We thus have two privileged vector fields in this space
time, namely K, (we suppose it is directed towards the future) the stationary Killing
vector field and w the unit timelike vector field generating dispersion and dissipation.
As in the previous chapters, we suppose that u has the same symmetries as the space-
time, which means that v commutes with K;. Let s be the unit spacelike vector field
orthogonal to u. This means that the metric reads g,, = —u,u, + s,s,. Because both
the metric and u are stationary, so is s. K; and s then form a basis of vectors that
commute. There hence exists (locally) a coordinate system (7, X) such that K; = 0, and
s = Ox. By defining the two functions of X, ¢ = K{'u, and v = —K/'s,,, one can show
that all scalar quantities constructed using K, g,u and s only depend on v, c and their
derivatives (v' = s#0,v,c = s#0,c, ... ). The link between the u and the Killing field is

—1
u=—(K;+vs), (6.1)
¢
and the metric takes a form much similar to the rhs of Eq. (3.5)
ds® = —c(X)?d7m* + (dX — v(X)dT)>. (6.2)

This shows that the two functions v and ¢ completely fix the space-time and the preferred
frame. Moreover, the accelerations of u, s are given by
/ / / ,Ul
V,u, = —UpSy = S, Vs, = — Uty — Sy (6.3)

And at the level of the algebra, one verifies immediately that

c v’

[u,s] = —u+ —s. (6.4)
c c
On the other hand, the norm of the Killing field reads K? = —c? + v?. When |v| crosses
¢, the Killing field thus becomes space-like. This is a Killing horizon. It separates the
subluminal region |v| < ¢ from the superluminal one |v| > ¢. An important notion in the
presence of Killing horizon is the notion of surface gravity. It is defined by the relation
kK!' = K/V,K}" at the horizon. Using our functions v and ¢, it reads

Ox (V2 — %)
R = ’horizon-
2v

(6.5)

We recover the expression of the surface gravity used in condensed matter models [BLV11,
MP09a|, and generalize [JP08|. In the presence of an horizon situated at X = Xy, to
simplify notations, we shift the axes and define x = X — Xy so that the horizon is at
x = 0. When s > 0, this horizon is the boundary of a black hole: no lightlike curve can
escape the superluminal region. When x < 0, the horizon is the boundary of a white hole.
Indeed, close to the horizon, the lightlike geodesics are x = 2sgn(v)t for co-propagating
modes and x = zqe™ for counter-propagating modes.
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B. Freely falling frame

To get a situation which is closer to that of Chap. 4, Sec. I. A, we now assume that the
preferred frame is freely falling, i.e., u*D,u” = 0. This implies that c is a constant and
by a redefinition of K;, we chose it to be ¢ = 1. Then, assuming that the flow is moving
to the left, the velocity profile is in the near horizon region (NHR) v ~ —1 + Kz

The important lesson of the previous section is that under the assumptions of station-
arity and freely fallingness, the black hole metric and the preferred frame are completely,
and invariantly, determined by v(x). Since the de Sitter background fields of Chap. 3,
Sec. I can be described by the same settings with the extra condition that vyg is linear in
x, the comparison of dispersive effects associated with a given dispersion relation can be
easily done for the solutions of both Eq. (3.27) and its Hamilton Jacobi corresponding
equation. In particular, we can already predict that the deviations between de Sitter
and the black hole case will be governed by the spatial extension of the black hole NHR
where v is approximatively linear in x. When

v =—1+ Dtanh(rz/D), (6.6)

the extension is, roughly speaking, given by |xz| = D.' Using this velocity profile, near
the horizon, Eq. (6.4) is given by

(kz)?

[u, 5] = v'(x)s = ws (1 — O(/ﬁlm)4) , 6.7)

which clearly shows that the deviations with respect to Eq. (3.13) are governed by xz/D.

II. Correspondence in the absence of dissipation

We now show that this correspondence is not limited to the background fields, but
extends to the dynamics of dispersive fields. We shall show this first at the classical level
(WKB) and then for the quantum field theory.

A. The characteristics

At the classical level, the correspondence is most clearly seen by considering Hamilton’s
equations. In particular, irrespective of the choice of f in Eq. (4.1), the time derivative
of the momentum P = 9,5 = 59,5 obeys

dP 1 '
= —m = —Pv'(z,(P)), (6.8)

1. Even though the parameter D plays no role when computing the Hawking spectrum using rela-
tivistic fields, it plays important roles in black hole physics. First, the deviations with respect to the
Hawking spectrum due to dispersion are governed by D [MP09b,FP11, CPF12]. Second, the nonlocal
correlations across a black hole horizon are also governed by D, in that they start to differ from vacuum
correlations when kx ~ D [SU10, Par10]
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Figure 6.1: The characteristics of a field
in the same frame as in Fig. 4.6. The dis-
persion relation is superluminal and we
draw the characteristics both in the black
hole profile of Eq. (6.6) (black) and in de
Sitter (red). Values of the parameters are
D =0.8, A/k =30, w = k. In dashed, we
draw the V mode. In solid lines is repre-
sented the U mode of positive frequency.
In dot-dash, we show the negative energy
mode that is trapped into the black hole.
Its turning point corresponds to the place
/ ‘ 1 where the WKB approximation fails. In
N dotted is represented the horizon x = 0.

Kkt
w‘bwww

where x,(P) is the root of Eq. (4.1) at fixed w, i.e., with Q expressed as Q = w —v(x)P.
We learn here that Eq. (6.8) is the dynamical equivalent of Eq. (6.7). This establishes
how the preferred frame algebra imprints the particle’s dynamics. Having understood
that, as long as kx < D, Eq. (6.8) and Eq. (6.7) guarantee that P obeys

P(r) = Poe ", (6.9)

as in the de Sitter cosmology where P = k/a(t). It is worth pointing out that this
exponential redshift applies for both signs of P, i.e., for both right and left moving
solutions. This correspondence in P-space also applies to the classical trajectories in x-
space. At fixed w, x(7) obeys w —v(z)P = £F(P), where P(7) is the solution Eq. (6.8),
and where + (—) describes right moving trajectories. As long as v ~ —1 4 kx furnishes
a good description of v, the dispersive trajectories z,(7) in the black hole metric are
indistinguishable from those in de Sitter, i.e., z,,(7) is the same function as X4%(t)—1/H
for H =k and t = 7, see Fig. 6.1.

B. At the level of fields

The correspondence further extends to dispersive field because the stationary modes
b still (exactly) obey Eq. (3.27) in the black hole case. Therefore, near the Killing
horizon, the black hole Fourier modes ¢, (P) factorize as in Eq. (3.30), where y will obey
Eq. (3.24) with H = k. At this point we make two observations. First, Eq. (3.24) resulted
in de Sitter from the coexistence of K; and K, and their algebra of Eq. (3.12). Second,
Eq. (3.24) was used in all analytical treatments of the scattering of dispersive modes on
a black hole horizon [BMPS95a,CJ96, BEFFP05, US05, CPF12|. These observations raise
several questions:

e What is the relevance of this correspondence for the S matrix 7
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e What is the validity domain of this correspondence in terms of time lapses 7

e Can we define a field K, which is approximatively Killing near the horizon ?

The first question is certainly the most important one. As shown in Refs. [CPF12,FP11,
FP12|, in the black hole case, when A/k > 1, the leading deviations from the Planck
spectrum at the standard Hawking temperature are governed by inverse powers of the
parameter D which enters in Eq. (6.7). This means that these deviations are in fact
defined with respect to the corresponding dispersive spectrum evaluated in de Sitter
space. This is perfectly coherent because in de Sitter, the deviations due to dispersion
with respect to the relativistic spectrum are very small, see Chap. 4, Sec. III. A and
Chap. 4, Sec. III. C, much smaller than those of the black hole case. In brief, this
explains why the parameter D of Eq. (6.7), which governs the extension of the black
hole near horizon region which can be mapped in de Sitter, also governs the spectral
deviations of the black hole flux.

Concerning the second question, as far as space is concerned, the validity range of
the linearized expression of v around K? = 0 is trivially fixed by D. What is less trivial
concerns the lapse of time during which this linearized expression can be used, given
the dispersion relation of Eq. (4.1). It is at this level that the separation between the
background scale k ~ w and the dispersive scale A enters. When A/w > 1, the lapse of
time during which the right moving U-particles of frequency w stay in the NHR scales,
for quartic dispersion, as kAT ~ log(D3/?A Jw).

To show this result, one uses the fact that in the limit A/w > 1 the solutions of the
dispersion relation at kz = D are P ~ +A+/D for the incoming modes and P ~ 4w/D
for the outgoing modes. Because in between the wave is in the NHR, P ~ Pye " applies.
Making the ratio of the two expressions gives the accumulated redshift from the high
initial momentum till the final one. It scales as Py, /Poy ~ €27 ~ wdP /oy where

max

wlise — D3/2A (6.10)

max

We see that it combines in a nontrivial manner the scale separation and the spatial
extension of the NHR. In Ref. [FP12] it was explicitly shown that kA7, the adimensional
lapse of time spent in the de Sitter like region, governs the properties of the black hole
spectrum.

Having clarified these issues, it is worth returning to geometrical aspects by investi-
gating how a vector field K, = 0, can be introduced in black hole space-times and to
what extent it could be considered as an “approximate Killing field”. Tt should be first
pointed out that, a priori, there exist several ways to introduce a new coordinate z. In-
deed, in de Sitter, K% obeys several properties that can be used to define the vector field
in the black hole case. For instance, the commutator [u, K9] vanishes. Using this prop-
erty to define z, one gets the construction of Ref. [Par07| that we used in Chap. 5, Sec. I
where the black hole metric reads ds* = —dr? + a*dz?, with a = v(z(1, 2))/v(z) ~ "7
in the NHR. The disadvantage of this choice is that the lapse of time during which the
exponential is found for the “scale factor” a is much shorter than the lapse A7 we above
discussed. A posteriori, it turns out that a better choice is provided by imposing that
Eq. (3.12) be satisfied:

Ky, K] = KK,. (6.11)
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This implies that K, = e, is the derivative with respect to the new coordinate z =
xe ", We then have the following commutation relations

(K, u] = (V' (@) — K) K, (6.12)
and
V'(z) — K

2

Since kK = v'(z = 0), we see that the deviations from the Killingness, i.e., the second
equation, and from the homogeneous de Sitterness, the first equation, are both governed
by the gradient of v' in the NHR, and not from & itself. Tt is thus geometrically meaning-
ful, and dynamically relevant, to say that a stationary black hole metric endowed with

a freely falling frame possesses, in the NHR, an approximate homogeneous Killing field
K, obeying the affine algebra of Eq. (6.11).

D,K.,+D,K,, = (Spuy + upusy). (6.13)

III. Analogy in the presence of dissipation

We now explain when and why the results of Chap. 5, Sec. IIT apply to the Hawking
radiation emitted by dissipative fields. Our main aim is to establish that the spectrum
of Hawking radiation, and the associated long distance correlations across the horizon,
are both robust when dissipation occurs at sufficiently high energy with respect to the
surface gravity, as was anticipated in Refs. [BMPS95a, Par(07].

The robustness shall be established by studying the anticommutator of Eq. (5.15),
and showing that its asymptotic behavior is governed by Egs. (5.49a) and (5.49b).

As in de Sitter case, we shall assume that the environment has the same symmetries
as space-time, i.e., is stationary. This implies that the noise kernel of Eq. (5.16) only
depends on 7 — 7/ when evaluated at x, 2/, along the orbits of the Killing field K;. When
these stationary conditions are met, the (driven part of the) anticommutator of ¢ is
(exactly) given by

G (x,2') = // dr dzsG (2, 21) |G, (2, 29) " N¥ (21, 22) (6.14)

where the two kernels G¥, and N“ are now defined in the black hole metric of Eq. (6.2)
with ¢ = 1.

As a result, to compare the expressions of G (z,2') evaluated in de Sitter and in
Eq. (6.2), it is sufficient to study G, and N“. To establish the correspondence with

ret
controlled approximations, the following four conditions are necessary:

e the state of ¢) should be the same
e the black hole surface gravity x = H
e the near horizon region should be large enough

e the dispersive and dissipative scales should both be much larger than x ~ w.

The first condition is rather obvious and needs no justification. The second and the
third conditions concern the metric and the u field. They follow from Sec. I. The fourth
condition is a generalization of A > w ~ &k, see Sec. II.
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A. The stationary noise kernel

When considering the model of Eq. (5.2) in the metric Eq. (6.2) with u freely falling, the
noise kernel N“ of Eq. (6.14) is

N1, 3) = (=00)7(~0a) (o + VO1/0) i+ V520 [ GG 1,2, C).

(6.15)
where v; = v(x;) and 9; = 0,,. The stationary kernel in the integral is the Fourier
transform of the anticommutator of ¢, see Eq. (5.29). To compute it we use the fact
that the factor a(t, z) of Eq. (5.6) is now given by (see Eq. (55) in Ref. [Par07] for a
three-dimensional radial flow)

a(t,x) = v(x)/v(z(T, )). (6.16)

As in Eq. (5.6), 2z labels the orbits of u. It is here completely fixed by the condition that
z =z when t = 0. Since the orbits are solutions of dz/dt = v, z is implicitly given by

©
/ oy (6.17)

v(wy)

Using the above equations to re-express the §(z — z’) of Eq. (5.29), one finds

S(AT — [Trdx/v) 2n + 1

GaC A ) I 3 = At . 618
W(AT, 21, 295 C) NG o cos (weAt) (6.18)
Its Fourier component with respect to At is trivially
iwAt1o
” e 2ns+1
Gac,d)(xh To; C) = S COs (ngtH) ) (619)

4/ U1U2 we

where Aty = f;; dx /v is the lapse of time from x5 to x; following an orbit z = cst
which connects these two points. Since the settings are stationary, these orbits are all
the same, as can be seen in Fig. 6.3.

Using Eq. (6.15), the noise kernel is explicitly given by

eiu}Atlg

4/ U1U2

This kernel is local in that it only depends on v (or equivalently on g, and u*) between
x1 and x9. Hence, when evaluated in the black hole NHR, it agrees, as an identity, with
the corresponding expression evaluated in de Sitter.

In conclusion, we notice that this identity follows from our choice of the action of
Eq. (5.2). Had we used a more complicated environment, this identity would have been
replaced by an approximative correspondence. In that case, the correspondence would
have still been accurate if the propagation of ¢ had been adiabatic. As usual, this
condition is satisfied when the degrees of freedom of ¢ are “heavy”, i.e., when their
frequency we ~ A > k.

N (1, x9) =y(—01)v(—02) d¢(2ne + 1w cos (weAtys) . (6.20)
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B. The stationary G¥

ret

w

The stationary function G%,(z, z1) obeys Eq. (5.12), which is a fourth order equation in
0, when working with Eq. (5.32). Depending on the position of z and z, its behavior
should be analyzed using different techniques. Far away from the horizon, the propaga-
tion is well described by WKB techniques since the gradient of v is small. Close to the
horizon instead, the WKB approximation fails, as in dispersive theories [CPF12|. In this
region, the P representation accurately describes the field propagation, and is essentially
the same as that taking place in de Sitter. Therefore, the calculation of G¥ (x,z’) of
Eq. (6.14) at large distances boils down to connecting the de Sitter—like outcome at high
P to the low-momentum WKB modes. As in the case of dispersive fields, the connection
entails an inverse Fourier transform from P to x space in the intermediate region 11, see
Fig. 6.3, where both descriptions are valid [BMPS95a, Cor98, US05, BFFP05, CPF12]. In
the present case, these steps are performed at the level of the two-point function rather
than being applied to stationary modes. In fact, we shall compute G%. through

G:C(QT,I'/):// dPldPQG;‘Jet(ZE,Pl)Gg’;(ﬂfl,Pg)NW(Pl,Pz), (621)

where the two G, are expressed in a mixed z, P representation. The early configurations
in interaction with the environment are described in P space, while the large distance

behavior is expressed in x space.

1. Relevant range for P;

Let us give here only the essential points, more details are given in Sec. IV. The validity
of the whole procedure relies on a combination of the third and the fourth condition
given above, namely max(1, D?) < A/k, and is limited to moderate frequencies, i.e.,
O<w~Kr <A

For simplicity, we consider massless fields. Then A/k > 1 guarantees that the in-
falling V' modes essentially decouple from the outgoing U modes because the only source
of U — V mixing comes from the ultraviolet sector. Hence, at leading order in k/A, it is
legitimate to consider only the U modes. For massive fields with m < A, the discussion
is more elaborate but the main conclusion is the same: the properties of the Hawking
radiation are robust.

For massless fields, at fixed w, the propagation of the U modes is governed by the
effective dispersion relation, see Eq. (5.27),

Q=w—v(x)P=VF?>-T2 (6.22)

Aslong as P < A, the U sector of G¥, behaves as for a relativistic field, since v F2 —I'? ~
P(1+O(P/A)). Instead, when P 2 A, the dispersive and dissipative terms weighted by
f and T" cannot be neglected in Eq. (5.12). To characterize the transition from these two

regimes, we consider the optical depth of Eq. (5.25). When working at fixed w, one finds

Z,(z,xq) = /Pl dP’ L(P) = /m dx’w (6.23)

P POy [, (P)]
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where z,(P) is the root of Eq. (6.22), as is P, (x) when using z as the variable [see
Sec. IV. A for the origin of this expression|. The first expression governs Gye; in the NHR
where 0,v ~ k is almost constant, see Eq. (5.24). To leading order in I'/P < 1, which
is satisfied everywhere but very close to the horizon, the second expression governs G
in z space. Since vg, = 1/9, P is the group velocity in the rest frame, 7, = fttl dt'T(P,),
where the integral is evaluated along the classical outgoing trajectory. It should be
noticed that, when considered in x space, Z, applies on the right and the left of the
horizon. In the R region, v, > 0, while it is negative in L, so that in both cases Z,, > 0
when P, > P > 0, i.e., when P is in the past of P.

To characterize the retarded Green functions of Eq. (6.21), we compute Z,, in the
mixed representation, in the limit where P, is large enough so that x,(P;) is deep inside
the NHR, while x is far away from that region. For simplicity, we consider the case of
Eq. (5.32) with ¢ = gai. In this case, only the dissipative effects are significant?, and
one finds
P el

Iw 7P ~ R
(1‘ 1) 2k A|]—+UR/L|3

(6.24)

where vg (vg) is the asymptotic velocity on the right (left) side. From the second term,
we learn that |kx| should be much smaller than A/k for the Hawking quanta not to be
dissipated. Since we work in the regime A/x > 1, this condition is easily satisfied. We
notice that a similar type of weak damping effect of outgoing modes has been observed
in experiments [WTPT11].

From the first term, we learn that Z, gives an upper bound to the domain of P
which significantly contributes to Eq. (6.21), namely P? < A, as in de Sitter. A lower
bound of this domain is provided by the v factors of Eq. (5.31). Using this equation and
Eq. (3.39), the integrand of Eq. (6.21) scales as

T(P) «cPT(P)e22P) o p3e=P*/As, (6.25)

and its behavior is represented in Fig. 6.2. Hence, the relevant domain of P, i.e., when
T is larger than 10% of its maximum value, scales as

0.36VEA = Ppin S P < Poax = 2.4VEA. (6.26)

2. Range of integration in direct space

Considered in space-time, since P ~ e~ "', this limits the lapse of time during which the
coupling to v occurs. Interestingly, this lapse is given by kAt ~ 2, i.e., two e-folds,
irrespective of the value of A/k, and that of w. It should be also stressed that nothing
precise can be said about the domain of x, which significantly contributes because the
x-WKB fails when P is so large. One can simply say that it is roughly characterized by
the interval [—Zirans, Ttrans), Where Tians = Tomp(Puin) 18 given by

Ktrans ~ 3V K/A. (6.27)

2. In the case where ¢g? < 1, dispersive effects are important and may limit the role of dissipation
in the NHR. In that case, the decaying part of the field will contribute to Eq. (5.14). This situation
corresponds to what is found in the surface wave experiments [WTP 11, RMM*08§].
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Figure 6.2: As a function of log,,(P/k), in a
dotted line we plot exp{—Z, (X, P)}, the opti-

10—
cal depth of Eq. (6.23), evaluated for w/k = 1,
oal | A/k =400, and kz = 20. The solid curve rep-
resents T'(P) of Eq. (6.25) for the same values,

06k and D = 0.99. The left dash-dotted line cor-
responds to the limit of the NHR: kx = D/2,

o4l here reexpressed as P = 2x/D. For lower P,
in region I, the de Sitter—like P representa-

sl | tion fails. The right vertical line indicates the
I upper limit of the z-WKB approximation, see

00 | Sec. IV. For the adopted values, the region I/

0.0

where the P and the x descriptions are both
10,(P/1) valid has a finite size. We also see that T" van-
ishes in region I.

This value defines the central region I1I, see Figs. 6.2 and 6.3. Using the profile of
Eq. (6.6), Tirans is situated deep inside the NHR when x/wd® < 1, where the critical

max
frequency wd® is given by

max

wliss — AD?, (6.28)

max

Hence, when x/wd® < 1, the coupling between ¢ and ¢ is accurately described

in the P representation, and takes place in a portion of de Sitter. In addition, the
connection between the high- and low-momentum propagation can be safely done in the
intermediate region II, defined by k|Tians| < klz| < D, see Fig. 6.3, where, on the
one hand, one is still in a de Sitter—like space since v is still linear in X, and, on the
other hand, the low-momentum modes can be already well approximated by their WKB
expressions. Notice finally that this reasoning only applies for frequencies w < wdiss .
Indeed, when w = wdi  dissipation occurs around kz ~ D, i.e., no longer in a de Sitter
like background.

These steps are sufficient to establish that the results of Chap. 5, Sec. III. B apply
for w < wds . In particular, Eq. (5.49a) implies that the spectrum of radiation is robust
(when the temperature of the environment is low enough, see Fig. 5.7). Namely, to
leading order in x/A, the mean occupation number n, of quanta received far away is
given by the Planck distribution at the standard relativistic temperature Ty = k/27. As
in dispersive settings, the real difficulty is to evaluate the spectral deviations. In this
respect, we conjecture that the leading deviations due to dissipation will be suppressed
by powers of x/wds  That is, they will be governed by the composite ultraviolet scale
of Eq. (6.28) which depends on the high-energy physics, here with I' quadratic in P, and
on the extension D of the black hole NHR. This second dependence is highly relevant
when D < 1.

Together with the robustness of the spectrum, one also has that of the long-distance
correlations across the horizon between the Hawking quanta and their partners. These
correlations are fixed by the coefficient ¢, of Eq. (5.49b). To get the space-time properties
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~ lg .--] Figure 6.3: Null outgoing geodesics (dashed
RN gt lines) on either side of the horizon at z = 0,

w1 and freely falling orbits z = cst. (dotted)
- “ % | in the 7,z coordinates of Eq. (6.2). As ex-
plained in the text, the nearby geodesics
schematically indicate the space-time region
where G (7,2, 71, 21) is nonvanishing, when
kT = 2.5, and kzr; = 1.5, see Fig. 1 of
1 Ref. [Parl0] for the relativistic case. The
* two thick solid lines represent the region
.1 where the noise kernel contributes to Glac,
see Eq. (6.14) and Eq. (6.21). In the central
region III, the propagation is well described
\ - '] in P space, and resembles to that found in
‘015“‘ - ‘LO‘ — “VZLS de Sltter
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of the pattern, one should integrate over w, i.e., perform the inverse Fourier transform of
Eq. (3.31b), because it is this integral that introduces the space-time coherence [MP96b,
BMPS95a, Par10]. In Fig. 6.3, we have schematically represented the anticommutator
Gae(T — 11,2, 21) in the 7 — 7, x plane when z; is taken far away from the horizon.

e Far away from the NHR, in regions Iy and I, for D < |kx|, the characteristics of
the field follow null geodesics, see Eq. (6.38). Since v ~ c¢st., they no longer separate
from each other. Hence, at large distances, the space-time pattern obtained by
fixing one point [MP96b,MP96a], and the equal time correlation pattern [BFFT08§],
will be the same as those predicted by a relativistic treatment.

e In the two intermediate regions ITg and I1 1, for zyans < kx| < D, the characteris-
tics separate from each other following dz ~ e since their behavior is already close
to the relativistic one. This pattern is obtained by considering two-point functions
with one point fixed, or wavepackets [BMPS95a|. It is interesting to notice that
it cannot be obtained by considering equal time correlations, since these develop
only outside the NHR, for |kx| 2 D [Parl0]. Indeed as long as = and 2’ are in
the NHR, the (approximate) de Sitter invariance under K, see Chap. 3, Sec. IV,
implies that [ dwG%, only depends on z — 2.7

e The central region III is the region where the configurations of the ¢ field are
driven by the noise kernel. In Fig. 6.3 the two thick solid lines indicate the space-
time locus where the interactions involving the configurations selected by 71, x; are

3. From this observation, we learn that the correspondence between the physics in black hole metrics
and in de Sitter is not merely a convenient way to obtain n, and ¢, in Sec. IV.B. It actually shows
up in the NHR when computing observables, such as the mean value or the two-point correlation
of p = uu”T,,. Moreover, it ceases when leaving this region. In this sense, the Hawking effect only
develops, or separates, from its de Sitter roots for |kx| 2 D, and furthermore, this separation is adiabatic.
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taking place.® In this central region III, the propagation is well described in P
space, and corresponds to that found in de Sitter, see Eq. (6.42) and Eq. (6.43).

In brief, when r/wls < 1 and w/wd < 1, the nontrivial propagation only occurs
deep inside the NHR which is a portion of de Sitter space [more mathematical argument
is given in Sec. IV|. This implies that n, and ¢, are, to a good approximation, given
by their de Sitter expressions of Eq. (5.49). Given that these (exact) expressions hardly
differ from the relativistic ones when k/A < 1, we can predict that, when computed in a
black hole metric, these two observables are robust whenever the finiteness of the NHR
introduces small deviations with respect to the de Sitter case. For w/wd® < 1, this is

max
guaranteed by x/wdss < 1.

max

IV. Flux and long distance correlations

The expressions for the asymptotic flux and the correlation pattern are both encoded in
Eq. (6.14). To obtain them, we need two things. Firstly, we need to characterize G,
from the asymptotic region down to the NHR. To this end, we should perform a WKB
analysis of the stationary damped modes. Secondly, we need to connect the WKB modes

with the high momentum de Sitter-like physics taking place very close to the horizon.

A. WKB analysis

At fixed w, using Eq. (5.10), Ogiss@aec = 0 implies that the decaying mode ¢d¢¢ obeys

(iw — 0,0) (iw — v0y) + F2(—0%) — y(—0,) (iw — Vod,v/0)y(0,) |62 = 0. (6.29)

The mode ¢4, decays when displacing x along the direction of the group velocity. Hence,
on the right of the horizon, the outgoing U-mode decays when z increases, while it
decreases for decreasing x < 0 in the left region, see Fig 6.3. Hence, U-modes spatially
decay on both sides when leaving the horizon.

As in the case of dispersive fields [CPF12], we look for solutions of Eq. (6.29) of the

form
ngec(l‘) — ei fI da:’Qw(a;’)y (630)

where @, () is expanded in powers of the gradient of v(x). To first order, Eq. (6.29)
gives

(w—v(2)Qy +11)* — (F? —T?) = —%awaQ [(w—v(z)Qu +1iT)* — (F* —T?)], (6.31)

4. To get Fig. 6.3, we have filtered out low frequencies. This amounts to considering a wavepacket
rather than the two-point function, see Eqs. (38,39) in Ref. [Par10]. Had we considered G, the thick
lines would have extended back in time, because the coupling between v and ngbw is centered around
kt, = Inw + cst., which fixes the blueshift for P, oc w to reach vxA, see Eq. (6.26).
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where the functions I' > 0 of Eq. (5.11) and F' are evaluated for P = @),. The leading

order solution, the complex momentum QL )(x) = PY(z), contains no gradient, and
obeys the complex Hamilton-Jacobi equation

w —v(z)P 4+ iT(P) = \/F*(P) — ?(P) = F(P). (6.32)

As expected, this equation gives Eq. (5.1) since Q@ = w — vP. To first order in the
gradient, we get a total derivative

F(PY)
1 — “Vw/
Qe og[ P PC] (6.33)
Combining Eq. (6.32) and Eq. (6.33), we obtain the decaying WKB-mode

—T(2,20) 5¢ i [0 da’'P,(x')
Plec(a) = - - (6.34)
QUng(PWC)

To get this expression, we introduced vS = 1/9,P¢ which can be conceived as a complex
group velocity. We also decomposed P% into its real part P,, and its imaginary part PZ.
The oscillating exponential is the standard expression, while the decaying one is [ dz P!
The latter is equal to Z,, of Eq. (6.23) when working to first order in I/ P, which is here a
legitimate approximation. A preliminary analysis, similar to Eq. (A12) of Ref. [CPF12],
indicates that the corrections to Eq. (6.34) are bounded by O(A2|1+ 5+ A(lj—v) ).

Eq. (6.34) gives an accurate description everywhere but in the central region III defined
by KZians of Eq. (6.27).
Using Eq. (6.34), the U-mode contribution to the commutator is, for w > 0,

G (x,2') = 0(Zu(x, 2")) 95 () (¢85 (1)) + O(Zo (2’ )88 (2) (¢5°(2)) ", (6.35)

where the growing mode ¢&™ satisfies Eq. (6.29) with the opposite sign for the last
term which encodes dissipation. The expression for w < 0 is given by G;% = —(G¥)*
which follows from the imaginary character of G. in ¢,z space. We used the sign of
7, in Eq. (6.35) so that a similar expression is valid on the left of the horizon. Note
also that Eq. (6.35) cannot be used to estimate G¥ across the horizon because the
WKB approximation fails in region III. Note finally that Eq. (6.35) is valid only for
Az —2'| > 1.

Having characterized in quantitative terms the impact of dissipation, we now work in
conditions such that the mode damping is negligible far away from this central region.
That is, we work with z, 2’ obeying

Tirans < 2| K /AR, (6.36)

where the upper limit comes from the neglect of the second term in Eq. (6.24). Under
these conditions, the (out part of the) anti-commutator of Eq. (6.14) is, for w > 0, given
by

Hence

G, 1) (2 + 1) [P (@) (G2 () + (6720 () o )

- . (6.37)
+ 2Re [0l (@)e2 2 ()]
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where n,, and ¢, are constant because we are far from region I1I, and where the R and
L out modes live on one side of the horizon and have unit norm. Being undamped, they
are either relativistic, or, more generally, dispersive WKB modes. In the former case,
they thus behave in the regions of interest, namely Ig,;, and IIg/;, as

iw/k iwz/(1+vR)
B o 0() -

1 V2w 70x)‘/2w/(1+v3)7 (6.38)
% —x w/k e—iwx/|1+vL\ ’
((bout,BH) ~ 0(_ )( ) (—.I'

T) e ~ 0 :
b ) Vow 1 ),/\zw/(HvL)\

where vg(z) is the asymptotic velocity in the region R (L, where 1 + v, < 0). As in de

Sitter, the (positive unit norm) mode gb‘fﬁ:EH living in the L region has a negative Killing
frequency.

In Eq. (6.37), n, and ¢, are unambiguously defined because the R/L modes are
normalized in regions Ir/r. Thus, they respectively define the spectrum emitted by the
black hole, and the w-contribution of the correlation across the horizon. To compute
them, we should find the equivalent of Eq. (5.28). To this end, we shall use Eq. (6.21),
and exploit the fact that their values are fixed in the domain of P given in Eq. (6.26).

B. Connection with de Sitter physics

In Eq. (6.21), we need (the U-mode contribution of) G¥,(z, P1) with |z| 3> Ttyans, since

we are interested in the far away behavior of G¥,, and with P, 2 v kA, because the
integrand vanishes for lower values of P. Since P, (x) < Pj, the retarded character of
Eq. (5.24) is automatically implemented, which means that

Gw

ret

(z, P1) = (=i)G (@, P). (6.39)

The commutator G¥(x, P;), on the one hand, obeys Eq. (6.29) in z, and on the other
hand, behaves as in de Sitter for P, > vkA, when wd of Eq. (6.28) obeys k/wdiss < 1.
This second condition means that the high P, behavior is governed by Eq. (5.24) and
Eq. (3.39).

For simplicity we consider the massless case of Eq. (5.32), when ¢ = 2. In this
model, in de Sitter, using the Unruh modes of Eq. (5.41), the U-mode contribution is

*

das(z, P)=eh [szﬁg(x)(@(P)cbffl(P))* — (¢%, () (9(—P)¢TL(P))}7 (6.40)

where ZF is given in Eq. (5.25), and where we replaced its lower value P, (z) < v kA by

0 because z is taken sufficiently large. Using Eq. (5.43), we can re-express Eq. (6.40) in
the R/L out mode basis. For w > 0 we get

Cas(z, P)=eh [(bfffféds(x)(aﬁiﬁéds(f’))* - (¢°“$§S(x))*¢“ifj%s(f’)] : (6.41)

In this we recover that the commutator possesses the same expression if one uses the in
(Unruh) or the out mode basis.
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Eq. (6.41) applies as such to the black hole metric in the regions ITp/1, KTtrans <
|kz| < D/2, because G.pn obeys the same equations, and its normalization is fixed by
the equal time commutators. In fact, in these regions the normalized black hole modes

oubBH - out,BH- o hincide with the modes %% dS, oubdS ot Bq. (4.62). Then, the WKB
w,R —w,L w,L

character of (b’m BH,(bOfﬁEH guarantees that Eq. (6.41) applies further away from the

horizon, in the regions defined by Eq. (6.36). Hence, in these regions, we have

“on(z, P) e X0 {cﬁz%BH(a:)wz%“(P))*—<¢i“j;EH<x>>* mE(P)]. (6.42)

We kept the de Sitter modes in P-space because only |P| > /A contribute to Eq. (6.21).
Using Eq. (6.39), inserting the above expression in Eq. (6.21), and comparing the result-
ing expression with Eq. (6.37), we get

(2n,, + 1) = /dPldPQX (P1)x%(Py)e D ~To” N¥(Py, Py). (6.43a)
2¢, = /dP1dP2X§*(Pl)XZw*(PQ)e_I(};l_152 N¥(P1, By). (6.43b)

These expressions are identical to those evaluated in de Sitter. Hence, n, and ¢, are
respectively given by Egs. (5.49a) and (5.49b). Therefore, to leading order in /A, and
for an environment at zero temperature, n, and ¢, retain their standard relativistic
expressions.

This means that the state of the outgoing modes when they leave the central region
III, and propagate freely, is the Unruh vacuum [Jac91, Jac93, BMPS95b|. This can be
explicitly checked from Eq. (6.43) by re-expressing the out modes gb"“f;/li in terms of the

Unruh modes of Eq. (5.41). In this case, one finds that the mean number of Unruh

quanta n ™M is given by, see Eq. (5.47),
ntom 1) = [ [ dPapo (P o' (P NP, P)
(6.44)
=14 O(r/A).

In other words, the role of the double integrals in Eq. (6.43) and Eq. (6.44), whose
integrand explicitly depends on the actual “trans-Planckian” physics governed by A,
f(P), I'(P), is to implement the Unruh vacuum in dissipative theories.

Conclusions

In this chapter, we showed that the portion of space close to a black hole of surface
gravity x can be mapped into de Sitter space with H = k even in the presence of Lorentz
violation. We then used this correspondence to draw conclusions on the flux produced
by the black hole, and its link with the asymptotic fluxes produced in de Sitter.

When four conditions are met, we showed that the analysis performed in de Sitter
in Chap. 4 and Chap. 5 applies to Hawking radiation. The inequality which ensures the
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validity of this correspondence is x/wds k/wdP < 1 where wdsP w35 are the com-
posite ultraviolet scale of Eqs. (6.10) and (6.28). They depend both on the microscopic
scale A, and D which fixes the extension of the black hole near horizon region where the
metric and the field u can be mapped into de Sitter. The validity of the correspondence
in turn guarantees that, to leading order, the Hawking predictions are robust — even
if the early propagation completely differs from the relativistic one, see Fig. 6.3. This
establishes that when leaving the very high momentum P ~ A (trans-Planckian) region
and starting to propagate freely, the outgoing configurations are “born” in their Unruh
vacuum state [Jac91, Jac93, BMPS95b|. The microscopic implementation of this state in
dissipative theories is shown in Eq. (6.44). As a result, as in the case of dispersive the-
ories [MP09b, CPF12|, the leading deviations with respect to the relativistic expressions
should be suppressed as powers of k/wpax, i.e., they should be governed by the extension
of the black hole NHR which is a portion of de Sitter space.
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After all the “universe” is an hy-
pothesis, like the atom, and must be
allowed the freedom to have proper-
ties and to do things which would
be contradictory and impossible for

a finite material structure.
Willem de Sitter

Analogue gravity

Picture inspired bv a drawing made bv W.G. Unruh in a colloquium
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Introduction

The analogy [Unr81] between sound propagation in nonuniform fluids and light prop-
agation in curved space-times opens the possibility to experimentally test long stand-
ing predictions of quantum field theory [BD84|, such as the origin of the large scale
structures in our Universe [MC81, Muk05| and the Hawking radiation emitted by black
holes. In the first case, the cosmic expansion engenders a parametric amplification
of homogeneous modes which is very similar to that at the origin of the dynamical
Casimir effect (DCE) [JPBT12, WJP*11, LPHH13|, compare for instance Ref. [CP04]
with Refs. [FF04, CBFR10]. Yet, in order to predict with accuracy what should be ob-
served, one must take into account the short distance properties of the medium because
the predictions involve short wavelength modes. As a result, the analogy breaks down
and a case by case analysis is required. For a modern review on analogue gravity, see
Ref. [BLV11].

In this part, we shall study some of these fluids. In Chap. 7, we review what is a Bose
condensate and in which sense its vacuum state behaves as quantum vacuum in curved
space time. In Chap. 8, we consider phonons propagating in such a (homogeneous) atomic
condensate. We include the dissipative effects for the phonons due to the interaction of
the atoms with their environment. As a consequence, the dispersion relation is of the
form

02 + 20T (k?) = 2k + f(k?).

In Chap. 9, we consider the polariton system in which BEC is replaced by a fluid of
light. In one- or two-dimensional microcavity devices, photons acquire an effective mass
m because of spatial confinement, while an effective two-body photon-photon interaction
can originate from the y®) optical nonlinearity of the cavity medium. As a result,
assemblies of many photons in the cavity can display the collective behavior of a Bose-
Einstein condensate. However, contrary to the previous case, some loss appears at the
level of the condensate and one need to pump the system. As a consequence, the system
is out of equilibrium and the phonons are massive excitations. In Chap. 10, we study
the stationary fluxes escaping a black hole in the presence of initially thermal state but
neglecting dissipative effects. We also characterize the separability of the final state.
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Chapter

Bose condensation and analogue gravity

Introduction

When one cools down a gas at low enough pressure so that it does not become liquid nor
solid, the low energy states get more and more populated while the high energy ones get
depleted. As a consequence, one starts to feel quantum effects. If the gas is composed of
fermions, the gas becomes degenerate as no more than one particle can be in the same
state. One then have 1 particle in each of the lowest energy states. On the other hand,
if it is composed of bosons, the particles form a Bose Einstein condensate.

We here review some basic properties of Bose Einstein condensate. We consider
phonons propagating in such a condensate and build effective tools to determine if the
state is separable or not (see. Chap. 2). In Sec. IV, we consider a particular out of
equilibrium condensate.
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I. Condensation of an ultracold quantum gas

A. Notion of condensation

A gas is composed of particles (atoms, molecules,...). To fix ideas, we consider bosonic
atoms. Three typical length scales then enter in competition. The first one is the mean
distance between atoms. It is proportional to the power —1/3 of the density: n~'/53.
The second distance is due to the fact that atoms have a size, or, say otherwise, that
interaction between atoms occur only if they are at a distance smaller than R.. The third
distance is the thermal de Broglie wavelenth due to the temperature Ay = /27h?/mT.
In the case Ay > n~Y3 > R,, the gas is called ultracold (Ar > R,) dilute (™% > R,)
quantum (Ap > n~'/3) gas. These are the necessary conditions for the gas to form a
Bose condensate |Shl|.

Consider the dilute ultracold case, and neglect interactions. Since the atoms are non
relativistic and have bosonic occupation number, the total number of atoms is given as
an integral over phase space, as

3 73
N = / d°xd’k 1 (71)

(2m)3 PR 2m=p)/kpT — 1"

The fraction on the right is the thermal density of bosons, T" is the temperature of the
gas and p < 0 is the chemical potential. A2k?/2m is the kinematic energy of the atom. In
the case, —u > kgT, one can neglect the —1 and one recovers the Boltzmann statistics.
However, in such a case, the density is n ~ A\ 2e*/*87 g0 that Ay < n~Y/3. In the
quantum case, —u S kgT', one cannot neglect the —1. In such a case, the density of
particles is given by
2 2
R VA [ R C VAL [ A 0.51075. (7.2)

T4 e —w/ksT — 1 = 7T 4 e —1

This bound is violated for a quantum gas. This means that a macroscopic number of
particle lies in the part of phase space where the density of particles in phase space is
infinite, i.e., 1/(e#/2/m=w/ksT _ 1) — 0. This macroscopic number of particles with
the same momentum is a Bose-Einstein condensate. We note that in one or two (spatial)
dimensions, the integral does not converge since the factor 22 is replaced by 1 or z. The
density can hence be as large as one wants by lowering the (absolute value of) chemical
potential. No condensation occurs. As a consequence, trying to make condensates on
sheets or on a line is impossible'. Only a quasi-condensation can be made [MC03].

B. Hamiltonian formalism

At the next order, we consider the two body interaction, but neglect three body terms.
The classical Hamiltonian of the system then reads in the presence of a global potential

V(x):

:——Zpa—l—v ZU a—X3), (7.3)

2570

1. It becomes possible on sheet when energy is proportional to momentum.
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where the sum runs over all atoms of the gas and where U is the 2-body interaction
potential.

The quantization procedure is similar to the one of Chap. 1, Sec. II. We first consider
the case of finite volume V. Then, in the case with one particle, a (discrete) basis of
states is given by the eigenvectors |¥;,) of the operator p: p |¥Vp) = p|Vp). With many
indistinguishable particles, a basis of states is given by the symmetrized product of such

states: Y Q) \I!pg(a)>, where the sum runs over permutations. Since the same set

of momenta {p;} appears for each particle, an equivalent way of writing this state is
| N,y -y Nx,, ...), where Ny, labels the number of atoms of momentum p; = hk;. For
each N (the total number of atom) these states engender a Hilbert space Hy. The sum
of all these Hilbert spaces H = ), Hx corresponds to the states in the grand canonical

ensemble. On this Hilbert space, one defines creation CLL- and annihilation ayx operators

as dLZ_ X, 1 Vp.) = VN, +1Q,, |Vp.) ® |Vx,), where the symmetrization is implicit
and where N, is the number of particles in state |¥p,). In the new language, this

reads &L_ [Ny ooy Nigjy o) = v/ Nk, + 1| Ny, ..., N, + 1,...). Using these operators, the
Hamiltonian reads

N h? dx At A
H=—p - Kajic+ ) / 5 TV ()i, i,
k

ki ,ko

(7.4)

1 dx1dxs , 4 4 ‘
—ikix1 —tkoxo+iksxi+ikaxa AT AT A~ ~
+ = E 2 U(x; — xz)e Qy, g, ey ity »

ki,k2,k3,ky

In the limit of large volume, by changing the position variables to their difference and
sum, the integral of the second line of Eq. (7.4) reads [ €U (x)e "M kX 1 ek,
When the intensity of the coupling U is low, the momentum of the atom hardly changes
when it interacts and one can approximate the integral by a constant: %0k, 41, ks ks>
where g, = [ dxU(x). Under these conditions, the Hamiltonian reads

N h2 ~
251 Z AT o Yat Z AToat o
H = —% k ay ax + V(kl - kg)aklakQ + ﬁ (5k1+k2_k3_k4ak1ak2ak3ak4
k ki.,ko ki,ka2,ks,ka

(7.5)

Even though the gas is non relativistic, because atoms are indistinguishable, it is con-
—1kx o

venient to introduce a quantum field as ®(x) = 3 75 k. The commutation rela-

tion on operators G imply the commutation relation on the field: [@(x), D(x')] = 0,
[@(x), ®T(x')] = §(x — x'). ® and @ are thus canonical variables. Moreover, using such
a field, the Hamiltonian reads

i / dx B—maxciﬂ(x)axé(x) PV (x)B() + L (03 ()0 (x)B(x) | (7.

In Heisenberg formalism, the equations of motion for such system are then iho,® = [<i>, H ]
|[see Eq. (1.33)]. They give the non linear equation

R —Rh? . R oA A
ihor® = ——A b+ VO + G PTOD, (7.7)
m
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where Ay is the standard Laplace operator.
When Bose condensation occurs, because a macroscopic (huge) number of atoms are

condensed (say at k = 0?), one have (Gx—o) ~ <€LL:0> > 1. To first order, one can

hence approximate the operators by their expectation value. This remark inspires the
following decomposition (that can always be made for operators):

é:@wm<y+@,wmme@md:<é> (7.8)

The interest of such decomposition however is that in the presence of condensate, the
expectation values of increasing power of ¢ go decreasing. One can thus expand Eq. (7.7)
in powers of ¢. The zeroth order gives the Gross Pitaevskii equation:

—h?
z‘h@t@wnd = {%AX +V+ Gat ’q)cond|2:| Deond. (79)

Solving the Gross Pitaevskii equation given a potential V' is a full problem in itself.
However, we shall not consider it in this thesis. Indeed, for all “nice” [i.e., respecting
Eq. (7.10)] function ®¢nq, there exists a potential V' (eventually time dependent), such
that the function is solution of the corresponding Gross Pitaevskii equation. Rather, we
shall interpret the physical quantities entering ®.,nq. In the next section, we shall focus
on the perturbations gZA> given a background ®.,,q.

The first meaningful quantity is the modulus of ®.,,4. In term of the original operator,
we have for all mesoscopic volume V where potential is approximately constant p =

|<I>C0nd|2 ~ <d1T(:0dk:0> /V. Matching such volumes, one deduces that p is the density
of condensed atoms. It is of interest to observe the time dependence of such density.
Indeed, using Eq. (7.9), one gets

ih
2m
The term into the derivative in the right hand side is —pv. v is interpreted as the velocity
of the condensate, as shall be made clear below. The general form of ®.,,4 thus reads

8tp = ax [CI)* axCI)Cond - (I)condaxq)* } . (710)

cond cond

DBoond = \/ﬁeifdxmv/fze—ifu(t)dt/ﬁ’ (711)

where p is a real function of time.

Let now explicit why v is the velocity of the condensate. First, under this condition,
Eq. (7.10) reads 0;p = —0xpv, which is the conservation equation for a fluid. Second,
when introducing Eq. (7.11) into the Hamiltonian, the energy reads

E:/dxp

The prefactor [ dxp is the sum over all atoms (they have a certain width and are su-
perposed). The term g,;p is the interaction potential. It is proportional to the density

1, R (o)’
N — — [ =£ ) 7.12
9m+V+2mv+&n<p> (7.12)

2. In the absence of a potential, only k = 0 can condense and the condensate is homogeneous. In
the presence of a potential, this needs not be true.
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because interaction is contact interaction and because number of atoms is huge so that
density of all atoms and density of all atoms but the one we consider are the same.
The V' term is the external potential. %va is the kinetic part of the energy. All these
term are classical terms (they correspond to the limit & — 0) and are recovered in fluid
mechanics. The last term is a quantum potential. Because it is large only when Oxp/p is
larger than the size of the atom, it can be conceived as a kind of energy of deformation
of the atom.

II. Phonon field

When expanding Eq. (7.7) around a solution of Eq. (7.9), one gets an equation of motion
for ¢ which is first order in time. Using Eq. (7.9) to remove every dependence in 0;®cond,
one gets to first order in ¢:

2

ih (O 4+ vOy) ¢ = —— By pdd + gurp(d + &1). (7.13)

2mp

This equation only depends on the effective quantities v, p and g.;. Because V' can be
chosen in such a way that these functions take any value (but respecting Eq. (7.10)), in
the analysis on the perturbation fields é, we shall mainly consider that the background
is given by a profile of v, p and g,¢, and never specify the potential V.

From the canonical commutators of the field <i>, we deduce the canonical ones for the
fluctuations ngS:

[D(t,%), $(t,x)] = 0, [B(t, %), &' (t,x)] = 6(x — x') /p(t, x). (7.14)

Moreover, when expanding the Hamiltonian to quadratic order in ngS, taking ®..nq solution
of Eq. (7.9), the linear term in ¢ vanish and the effective Hamiltonian reads?®

B2 o - ) S Gu
H = / dxp [%8X¢T8xq§—ihgﬂv8x¢+%p(qb—i—gﬂf : (7.15)

The second term is not Hermitian, but associates with the ipéTatdS that appears in the
Legendre transformation, to give an Hermitian action.

A. Analogue gravity: characteristics and mode equation

When solving Eq. (7.13) for ¢! and inserting it into the hermitian conjugate equation,
one gets the self defined second order equation of motion, see Refs. [DGPS99, MP09a].

m
Gat P

{i (8, + vy) + %paxpax] ¢ = Eaxpax] o. (7.16)

3. Because a non canonical transformation has been made, to get this result, it is necessary to use
Lagrangian formalism
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This equation is much different from the relativistic version, see e.g., Eq. (4.3). However,
at the level of the corresponding Hamilton-Jacobi equation, see Eq. (4.2), it reads
h2

4m?

(9,5 4 v, S)* =

at 0
m

(0S)? + —— (9xS)*, (7.17)

which is identical to its relativistic equivalent. The dispersion relation for such theory
is then a superluminal quadratic one, and we recognize that ¢ = %48 is the speed of
low energetic excitations, or speed of sound. Moreover, the typical length under which
dispersion occurs [the equivalent of 1/A in Eq. (5.32)] is called Healing length and is

defined by £ = h/2mc. Using these scales, the dispersion relation is
O? = (w—vk)? = 2K (1 + 8. (7.18)

Here, Q) is the freely falling frequency. We recognize in Eq. (7.17) a dispersive theory in
a curved background. In particular, the background is the one of Eq. (6.2) (with v and
¢ being time dependent since we did not assume stationarity).

Hence, at the level of characteristics, the theories of a scalar field in curved space-
time and the theory of phonon in BEC are indistinguishable. Mode dimensionality and
S-matrix structure are thus identical. Because of this, similar effects, such as production
of pair of phonon in homogeneous settings of production of entangled quanta in analogue
black hole (i.e., analogue Hawking radiation) should occur. This is the essence of ana-
logue gravity. On the other hand, because the quantum theory underneath is different
(e.g., ordering of operators is not the same), the results may quantitatively differ.

B. Homogeneous case

In this section, we consider that background is homogeneous, i.e., v, p and c are constants
in space. Going into the comoving frame, we suppose v = 0. A consequence of the
conservation Eq. (7.10) is that p is constant in time. In the general case however, ¢ is a
function of time, see Ref. [JPB712] for an experiment realizing such conditions. Under
such conditions, we introduce the Fourier transform of the field ¢ = [dx/ 2me % (x).
Using Eq. (7.13), it is solution of

ihdse = Mt + me2o! |, (7.19)
with
2]€2
Q) = + mc?. (7.20)
2m

1. Bogoliubov field

If the system is also stationary (c constant in time), using Eq. (7.19) and its hermitian
conjugate, we diagonalize the system introducing the “Bogoliubov” field [Bog47]

Pk = /P (Ukﬁzgk + Uké&) : (7.21)
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where the parameters u, and vy are

L VI + me? 4+ VY, — mc? - VRQ, + mc? — /RO, — mc?
— 2 —hwk 9 k — 2 ’_hwk 5

U (7.22)

and where
RPwi = Q7 — m*ct (7.23)

so that w? = ¢?k?(1 + £2k?) is the rhs of the dispersion relation. The Bogoliubov field is
then solution of

i@tgbk = wkgbk. (724)

From this equation, we deduce that the sound waves are quantized. Indeed, the solution
of Eq. (7.24)

Pr = e ™, (7.25)

with [Ek, BL,] = §(k — K’). These waves are thus quantum particles, called phonons.

The field ¢ is called Bogoliubov field because Eq. (7.21) is a Bogoliubov trans-
formation in the sense that it mixes positive and negative energy modes and that
lug)® — |vg)* = 1 it has been first introduced in Ref. [Bog47]. The next step is to inverse
the Bogoliubov transformation of Eq. (7.21) to get the original field as

\/ﬁngk = l;kuke*"“”“t - l;T_kvkei“kt. (7.26)

Inserting this decomposition into Eq. (7.15), one gets, up to an additional constant
H=h / dkwybl by. (7.27)

We are thus dealing with harmonic oscillators and the operator b diagonalize the Hamil-
tonian.

In the non stationary case the harmonic oscillator becomes a parametric amplifier
and a similar analysis to the one of Chap. 1 occurs. This is due to the fact that (in
homogeneous system), a relativistic field is hidden in such system. This emphasizes the
analogy with gravitation. We shall make it clear in next section.

2. Analogy with relativity

We show here that analogy with relativity is much stronger in homogeneous settings.
Indeed, in such a case, one can define, out of the canonical fields, a field that behaves in
a relativistic manner. It is given by

S _ng + Qgik 1%
Xk 2 ok’

(7.28)
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With such definition, using ¢ = h/2m constant, Eq. (7.19) guaranties that

2o O
I = i\/pfcka—\/;_k. (7.29)

The commutator of the two fields is thereby canonical: [Yi, d;XL,] = i0(k—k'). Moreover,
using once again Eq. (7.19), we get for the second derivative of the field

OF 0 + wix = 0. (7.30)
Xk is hence a field similar to ¢ of Chap. 1. In particular, in the stationary case,

) I;ke—iwkt + BLeiwkt
Xk = oo

In the non stationary case, when initial and final operators can be identified, there
exists a (new) Bogoliubov transformation linking the two, as in Eq. (1.38). This trans-
formation corresponds to a time process and is conceptually different from Eq. (7.21).
When neglecting dispersion (£ — 0), Eq. (7.30) is similar to the equation of motion of
a (rescaled) field in an FLRW space-time, see Eq. (1.72) and Refs. [NJBN12, CBFR10).
The analogy then tells us that the renormalized mass m = 0 and

(7.31)

Wi(t) = Coouna(t)*k? < cﬁghtkz/a(t)Z. (7.32)

A varying speed of sound thus corresponds to varying the scale factor a(t) (and not
a varying speed of light). A decreasing speed of sound corresponds to an expanding
universe.

III. Observables

One can define many observables for a condensate. To leading order in the field o,
they all are quadratic operators. In stationary and homogeneous cases, they hence only
depend on the two quantities

b = <bLbk>, & = (bib_ic) . (7.33)

They are respectively the mean occupation number of phonon and their coherence. By
making different measurements, one may extract these two quantities and drive conclu-
sions on the separability of the state (see Sec. III.C and Chap. 2). We shall consider
here six observables. Five of them are directly obtained and one is directly related to
relativistic observables.

The relativistic observable is used in homogeneous systems, where one can define
the Yx operator of Eq. (7.28). Because the system is Gaussian, the commutator of yy is
independent of the state. All relevant quantities are then encoded in the anticommutator

Gaelt t') = ({Xu(t), x—x(t)}) - (7.34)
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Using the results of Chap. 1, we decompose xx = Bka + BLXZ on a basis of unit norm
modes (e.g., initially or finally containing only positive frequencies), thus defining the no-
tion of particle. Using such a decomposition, the anticommutator reads, using Eq. (7.33),

Gh0,1) =3 | (ih + 3 ) D) + n(0a(t)] (7.39)

Note that in such expression, the lhs (and thus the rhs) is independent of the notion of
particle. It is once a choice for x(t) has been made that nl and ¢} exist.

The five observables usually used in BEC split into two distinct groups. In homoge-
neous settings, they are related to the anticommutator.

A. Density and phase fluctuation

1. General definitions

The first group contains the expectation values of either density fluctuation operator or
phase operator. They are defined by

5,6 = (i)T(i) - ‘CI)cond|2 ~p ((% + $T> )

(I):ond(i) - (I)condci)-r ¢E - éT (736)

2ip 21

0 =

With these definitions, one shows that to first order

~
A

5O s

B(2,1) = eomay |1+ Lol (7.37)
p

hence the name of phase operator.

2. Homogeneous settings

In homogeneous settings, it is possible to relate these three observables to the anticom-
mutator of Eq. (7.34). Indeed, using Eqs. (7.28) and (7.29), one gets

. 0p . j
= =P = \/2pEck2by, (7.38)
\/ 2pcEk?

where dpy and 6y are the Fourier transform of §p and 0. The three anticommutators of
these fields are thus related to our G, by

({0px(t), 6p-k(t)}) = 206k G, (t,1'),

({00,550} ) = ~DUGL(1. 1), (7.39)

<{ék(t)’é—k(t’)}> _ %

The knowledge of G,. of Eq. (7.34) thus fixes the three of them.
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B. The g; and the g-

The second group of observables are the so-called ¢; and g, functions [MC03, DGPS99.
They are defined by

gi(x,t,x, 1) = <ci>*(x, t)cb<x',t')> , (7.40a)
<<i>*(x, )T, ) (x, 1) (x, t)>
g1(x,t,x,t)g1 (x/, ', %', ')

go(x,t,x' ') = (7.40Db)

The gy corresponds to the (normalized and normal-ordered in atomic operators) correla-
tion of the density. It is measured by making a statistical average of the correlations of
p(t,x) over different realizations [SC10, CC13a]. The normal ordering comes naturally
when the measurement destroys the atom. To picture it in simple terms, if one has only
one atom in position x, the quantity (p(x)p(x)) # 0 while its normal ordered counter-
part is 0. If the observation destroys the atom, it cannot be observed twice. The ¢, is
obtained in the interference pattern when making interact the condensate with itself.
In term of the relative fluctuations, to first order, they give

91566, 1) = Beana(3,8)" Beona (1) [1+ (9 (x, 1) >>} (7ALa)
92051, 1) = 1+ (91(x,0) [T, 1) + S, )] + [$1(, ) + O, )| (1))
(7.41D)

One can invert Eq. (7.36) to express quS as a function of dp and 6. As a consequence,
the g; and g, functions read in term of the previous observables

g1 (X, L, X,7 t,) = (I)cond (X7 t)*q)cond (Xla t,)

000 o o\ (L) o
<[+ (e ‘“’“"f)) (e +0x0))] gy
U0906,1).050.101) _[00x,1), 590, )]
ol D 1) o, )

They have thus simple expressions in term of G¥_ of Eq. (7.34) in homogeneous settings.
Indeed, for k # 0, we have the Fourier transform of the two functions

gt = el “/h’/dxe_ik'xgl(x,t,x’ =0,t)

g (x,t,x", 1)y =1+

(7.43)

— % [c§k2 ——0,0p — (0, — at/)} [GE (¢, 1) + GE(t, 1) /2],

c§k?

where G¥(¢,t') is the commutator of x (which is imaginary), and
gh(t,t) = p/dxe_ik'xgg(x,t,x’ =0,t)

=2 [c€k*GL (t,t) — i0,GE(t, 1)) .

(7.44)

Using Eq. (7.35), we see that a measurement of gf(t,t’ = t), or g5(t,t' = t), for various
t is sufficient to extract the different n? and cf.
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C. DMeasure of separability

Before we build a tool to determine whether a state is separable or not, we need to
determine what we mean when we say that the state of the condensate is separable. We
introduced in Chap. 2 very general tools and we noticed that a state is not separable in
itself, but that it depends on the notion of particle that we consider. At first view, in
a condensate, particles are the atoms. However, we saw in Sec. II that in homogeneous
and stationary systems, an other notion of particle exists, i.e., the phonons. We thus
have two (or more if many phonon interpretations exist) notions of separability.

In the analogy with gravitation, the equivalent of propagating “lightlike particles”
are the phonon, see Eq. (7.31) or Eq. 35 in [MP09a|. From the analogue gravity point
of view, when trying to determine the separability of Hawking flux or of pair particle
production, the right notion is thus the separability of the phonon state.

To have at our disposal a well defined phonon, we shall suppose that the system is (at
least to a good approximation) homogeneous and stationary. With such assumptions, the
operators Bk, the mean occupation number n? and the coherence ¢t are uniquely defined.
Using the results of Chap. 2, the separability condition for the phonons of momentum k&
reads, see Eq. (2.31)

‘02‘2 <nbnl,. (7.45)

When considering the phonon of given frequency w, the dimensionality of the space
of solutions may be higher, see Chap. 4, Sec. I. B. As a consequence, the separability
criterion is not uniquely defined and many bipartite systems can be considered. This
case is considered in more details in Chap. 10.

We now consider how Eq. (7.45) translates into the observables. Because it is much
simple in two of them, we only consider these two. First, using Eq. (7.35), the equal
time anticommutator reads

ng 4+ n’y 4+ 1+ 2| cos (2wit + arg c})

GF (t,t =t) = o : (7.46)
k

In isotropic media (n? = n’,), the measure of such quantity is hence sufficient to deter-

mine whether the state is separable or not. Second, using Eq. (7.44), the equal time gy
function reads

nh +nb, + 1+ 2| cos (2wt + arg c})

k / 2
t,t =t)=ckk
92( ) g .

—1. (7.47)

In isotropic media, the measure of such quantity is thus also enough to determine the
nonseparability. Moreover, at large values of k, because w;, ~ c€k?, we have g5(t,t' =
t) ~ 2nb + 2 {ci|2 cos (2wyt + argc}).

To summarize, we have

e For states being both homogeneous and isotropic, whenever there exists a time
such that w,G* (¢,¢' = t) < 1/2, the phonon state of momentum & is nonseparable.

e For states being both homogeneous and isotropic, whenever there exists a time such
that g%5(t,t' = t) < c€k?/wy, — 1, the phonon state of momentum & is nonseparable.
Moreover, the rhs is 0 in the large k limit.
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One could also work at fixed ¢t and vary t'. In this case, one would get a periodic
behavior of frequency wg/27 for G,.. However, at fixed ¢, wiG..(t,t") is now centered on
0, and the maxima vary from n+ 1/2 — |c| to n 4+ 1/2 + |¢| according to the value of the
fixed time t. Hence, the nonseparability of the state reveals itself in the fact that there
exists some values of t such that wiG,.(t,t’) remains smaller than 1/2 for all ¢'.

IV. A particular system, polaritons

A. General description of the system

To get Bose condensation, we saw that three ingredients are necessary and sufficient.
First, the particles should be bosons. Second, they should have a mass. And third, they
should interact. Photon are bosons, but they are neither massive nor self interacting.
However, when putting them between two mirrors, the transverse momentum (which is
quantized) plays the role of an effective mass for the lower dimensional effective theory.
Indeed, the dispersion relation reads

E? = B*?k% + h*c°k{. (7.48)

In this expression, the first term plays the role of a mass term and the second of momen-
tum. On the other hand, if between the two mirrors, one replaces the vacuum by some
non linear media, the photon interact with electrons that are self interacting. This in-
troduces some effective interaction between photons. At the quantum level, the particle
that propagates is a linear superposition of an electron-hole pair (called exciton) and a
photon. This superposition is named polariton or fluid of light [CC13a).

In physical systems, because mirrors are never perfectly reflecting, there are inherent
losses that one compensates by pumping the system. A sketch of the planar microcavity
system we are considering is shown in Fig. 7.1. A comprehensive review of its rich
physics can be found in Ref. [CC13a]. Here we shortly summarize the main features
that are important for our discussion. In the simplest configuration, light is confined
in a cavity material of refractive index ny sandwitched between two high-quality plane-
parallel metallic or dielectric mirrors spaced by a distance £,. Photon propagation along

planar mirrors

Figure 7.1: Sketch of the planar microcavity
system under consideration.
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the z-axis is then quantized as ¢, = wM/{,, M being a positive integer. For each
longitudinal mode M, the frequency dispersion of the mode as a function of the in-plane
wavevector k has the form

21.2
E (k:):@\/%Lk?NEba“’thk (7.49)
cav 77/() qz — 0 2m ) .

where the effective mass m of the photon and the rest energy ES®® are related by the

relativistic-like expression
h . Ebare
m= 2 _ 20 (7.50)

"~ c/ng 2/n

Neglecting for simplicity polarization degrees of freedom, we can define the creation and
destruction operators &L and ay for each mode of wavevector k and their real-space

A

counterparts ®(x) as around Eq. (7.5).

B. Hamiltonian of the system

In term of the quantum field operator @(x), the isolated cavity Hamiltonian can be
written in the form, see Eq. (7.6)

2
Hy - / dx [Em I (,00)(V,8) + 6101 (7.51)
The first two terms describe the photon rest energy and its effective (kinetic) mass, re-
spectively. The last term accounts for a Kerr optical nonlinearity of the cavity medium
which is essential to have sizable photon-photon interactions. The g.; coefficient quan-
tifying the interaction strength is proportional to the material Y®: explicit expressions
can be found in Ref. [CC13a].

In addition to its conservative internal dynamics ruled by Hy, the cavity is coupled to
external baths including, e.g., the radiative coupling to the propagating photon modes
outside the cavity via the (small) transmittivity of the mirrors. A typical way of modeling
the dissipative effects due to this environment is based on a Hamiltonian formalism where
the environment is described by a phenomenological quantum field \ilc. The bath and
interaction Hamiltonians have the form

Hpatn = / dx / dCwc Ul (x) W (x) (7.52a)

A

Hyy = /dx/dggg (tiDT(X)\iJC(X) + @(x)@é(x)) . (7.52Db)

This Hamiltonian form is the non relativistic version of the way we introduced dissi-
pation, see. Eq. (5.2). Here, the bath operators \ifc obey the non relativistic ETC
(W, (x, t),\ifz,(x’,t)] = 0(x — x)0(¢ — ¢’). In the case of radiative loss processes from
a planar microcavity, the ‘ilc(x, t) operator corresponds to the destruction operator of
extra-cavity photons and the ( quantum number indicates the value of the normal com-
ponent of the extra-cavity wavevector. While more realistic descriptions of the micro-
cavity device can be used to obtain first principle predictions for the g. coupling con-
stant [CCO6], in the present part we consider it as a (real-valued) model parameter to
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be adjusted so as to reproduce the experimentally observed photon decay rate. In the
quantum optical literature, approaches to dissipation based on Hamiltonians of the form
of Eq. (7.52) go under the name of input-output formalism [CC06, WM95, GZ04]. With
respect to equivalent descriptions based on the truncated Wigner [GC12, KW14], this
method has the main advantage that unitarity is manifestly preserved as $ and \ilc are
treated on an equal footing.

As a last step, we have to include the Hamiltonian term describing the coherent
pumping of the cavity by an incident laser field of (normalized) amplitude F'(x,t),

Hp = /dx [(ﬁ(x)F*(x,t) + of(x)F(x, t)] : (7.53)

For a monochromatic pump of frequency wp, wavevector kp, and a very wide waist, we
can perform a plane wave approximation and write

F(x,t) = Fye “rlex, (7.54)

where k is the projection of kp along the cavity plane.
To summarize, the total Hamiltonian has the form

A A 2 A A A A A A

H= / dx | Ebedpio + h—(vx@)(vx@ + 25t pidd
2m 2

(7.55)

+ OF* + OTF + /deC\IIZ\IJC + gc (c‘pwc + @\D})} :

Conclusions

In this chapter we review how a gas of atoms condensate when one lowers its temperature.
We see that the condensate can be described in term of a quantum field and that its
Hamiltonian is the Hamiltonian of a free field in an external potential to which one adds a
quartic interaction term. We use the fact that a macroscopic part of the gas condensates
to make a perturbative expansion of the field. The first order fluctuations are quantized
sound waves, or phonons. We see that these phonons behave to linear order as a free
field in a curved space-time, the geometry of which is fixed by the condensate. We
also compute observables that are specific to condensates and express the separability
condition in term of these. We see that for the g,, the separability condition is simply
expressed as a lower bound on the equal time ¢g;. In the final section, we compute
the Hamiltonian for a slightly different system that shall be studied in more details
in Chap. 9. For a system that is pumped and dissipated, one needs to add to the
Hamiltonian both the pump term and the term describing the environment responsible
for dissipation.



Chapter

Dissipative phonons

Introduction

When considering phonons propagating in a BEC, a linear analysis is generally per-
formed. However, the total Hamiltonian remains fourth order in the phonon operator.
These cubic and quartic terms induce two body interactions. The dominant ones are
three body and are possible because of dispersion. As announced in Chap. 1, Sec. IV. B. 2,
they induce dissipation.

In this chapter, we shall consider phonons living on an homogeneous BEC. Using a
formalism similar to the one of Chap. 5, we introduce dissipation for the phonons. We
use a large class of dissipative rates I' so that any (local in time) dissipative rate can
be recovered. We then consider a homogeneous condensate subject to a sudden change.
As a first step, we compute the observables in the absence of dissipation, so as to see
the effects of initial temperature on the nonseparability. As a final step, we include
dissipation. The separability of the final state is studied. This chapter is mainly based
on [BP13].
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I. Actions for dissipative phonons

A. Effective Hamiltonian for relative density fluctuations

To get dissipation at the level of phonon, we shall allow atoms to interact with an
environment. Because the operation that allows to describe fluctuations from the atom
field is not a canonical transformation, we shall use the action formalism. The action for
the second quantized field describing a free dilute ultracold atomic gas is, see Eq. (7.6)
or [DGPS99|

fha 1 o oavl o« A ab A a a
Sp = /dtdx [zqﬂatcb - Q—axqﬂaxcb — Voo — %@Tqﬂ@@] : (8.1)
m

We shall take the relativistic environment of Eq. (5.2) (with preferred time being the
lab time). We want the interaction term to conserve the number of atoms (for the case
where atoms get dissipated, see Chap. 9). We shall thus chose

Sy = %/dtdx/_z ac 1o = xcu|}, (8.2a)
i = — / dtdx {[(cﬁ*)acﬁa]g(ax)at( / d(\llg)} | (8.2b)

Notice that Sy contains no spatial gradients, and that it does not depend on p. Hence,
the kinematics of the environment degrees of freedom is independent of both k£ and p.
This is a simplifying approximation. In fact, as in Chap. 5, our philosophy is to choose
the simplest model that possesses some key properties. These are as follows: unitarity
of the whole system, standard action for the phonons, and ability to reproduce most of
the decay rates. From such a system, equations of motion read

i0,b = (—%aﬁ +V+ gatcﬁcﬁ) P + (PN DYG(8,) 0, ( / dC,), (8.3a)
(07 + wd)U¢ = 0,§(—0x)[(21)* D). (8.3b)

The condensation of ® thus engenders the condensation of the environment. We thus
write it as

U =0 4 (8.4)
At first order, Eq. (8.3a), implies a modified Gross-Pitaevskii equation, see Eq. (7.9):
iatq)cond = Hcondq)conda (85)

with

92

a a—1 ~ T Con:
Hcond = 2_77: + V + Gat ’(I)cond‘2 + « ’q)cond‘ ! g(ax)at</ dC\I]g d)- (86)
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Since this last term does not contain any derivative acting on ®..q, the conservation
Eq. (7.10) remains unchanged. It gives rise, in the quadratic part of Eq. (8.1), to a term
that is to be added to the standard action, see Eq. (7.15)

68y = / dtdxad’ ¢p™§(0x)0,( / d¢ugnd). (8.7)

On the other hand, Eq. (8.2b) gives two contributions:
s = = [arax{ (2@ 4 a2t MO dmrgaga [acee
Sl = = / dtdx {apa[a%* + 01300k / czcﬁfc)} .

The first one is quadratic in ¢ and zeroth order in \ifg. [t combines with Eq. (8.7) to give

(8.8)

5o+ 5 = [aax® o+ opgeoa [ace. w9
The role of this term is to modify the speed of sound which is now given by
. ala—1 a—1~ con
met = gup+ U= 5090 [ acug, (8.10)

With this new definition, the free Hamiltonian is still of the form of Eq. (7.15)
1 . . . o
H, = /dxp{Q—ﬁxqﬁTaxqﬁ — ih¢'vOp + mc? (o + qﬁT)Z}, (8.11)
m

while the free Hamiltonian for the environment is simply [ dxd((m¢ )Q\ifz\if( The second

contribution S?

-t gives rise to the interaction Hamiltonian

Ho = [ ix 2 oo+ v [ acio}. (5.12)

where we posed ag(—0x) = g€*TY/2(£0,)". A linear superposition of such interaction
Hamiltonian with different n and « may be made so as to get, for the dissipative rate,
any function of the momentum.

B. Field equations and effective dispersion relation

Because the condensate is homogeneous, it is appropriate to work with the Fourier com-
ponents at fixed wave vector k = —i0dy, where k is real. Then the total Hamiltonian
splits into sectors that do not interact: Hy = f dk Hy, with Hy = Hik. In the rest frame
of the condensate, at fixed k, the field equations are, see Eq. (7.19)

0 = Qi + mc?pl, + ;;k_ /dC\i/g,k, (8.13a)

07 + (0 cx = 01 {vier/Bldnc+ 61 = e (8.13b)
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where €2, was given in Eq. (7.20) and where

e = g(p€)* 2 (igk)", (8.14)
is the effective dimensionless coupling for the wave number k. The solution of Eq. (8.13b)
is [see Eq. (5.4)]

T / 0 Rt ) jult). (8.15)

where \ifg,k is a homogeneous solution we shall describe below, and where R{ is the
retarded Green function. It is independent of k because the action Sy contains no
spatial gradient. When summing over (, it obeys, see Eq. (5.8) or Refs. [UZ89, Par(7|

O </ ngQ(t,t’)) =6t —1t). (8.16)

This guarantees that the kernel encoding dissipation is local. Indeed, inserting Eq. (8.15)
into Eq. (8.13a), and using Eq. (8.16), Eq. (8.13a) gives

0 = Qb+ mS 4+ A/ Vo +nd i+ ) . B1T)

where U0 = [ d(’\ifgk. As announced, the last term in the r.h.s. is local in time. Basically
all other choices of Sy and S;,; would give a nonlocal kernel. ! In these cases, Eq. (8.17)
would be an integralo-differential equation. These more complicated models do not seem
appropriate to efficiently calculate the consequences of dissipation on phonon correlation
functions.

To get the effective dispersion relation, we consider Eq. (8.17) when all background
quantities are constant and when ¥ = 0. We get

(Q+1iTy)* = @f, (8.18)
where
O =w?—T2 Ty = || Kt (8.19)

and where wy was defined in Eq. (7.23). Using Eq. (8.14), we verify that the second
equation delivers

T = g%(c/€)(p€)** " (k€)™ ™. (8.20)

Hence, by choosing ¢g, o and n our model shall be able to reproduce many ab initio
computed decay rates. As expected, we also verify that for |7k|2 — 0, one recovers the
standard Bogoliubov dispersion for all k.

1. In this respect, we notice that one can generalize our model so as to deal with an ab initio
computed nonlocal dissipative kernel D(¢t — t'). To do so, one should compute its Fourier transform

D(w) (which is 1/(w + ie) in our model) and replace [d¢W¢ by [ d¢\/weD(w)¥¢ in Eq. (8.12).
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In Eq. (8.20), the coupling constant ¢ is dimensionless, p is the condensed atom
density, and £ a short distance length which corresponds to the healing length in atomic
Bose gases. The powers n and « can be chosen to reproduce effects computed from
first principles. For instance, in Bose gases, two types of dissipative effects are found:
The first one, called Beliaev decay [PS03|, scales with @ = 0 and n = 3/2, while the
second one, the Landau decay |[PS02|, depends on the temperature, has also a = 0, and
is proportional to ck+/1 + k2£2.

In what follows, the quantities g, ¢, £ depend on time, while preserving the homogene-
ity. Hence the nontrivial dynamics will occur within two mode sectors {k, —k}.

C. Time-dependent settings

In all this chapter, because we work with a relativistic environment, and because we
work in homogeneous time-dependent systems we shall use the relativistic field defined
in Eq. (7.28). Using such field, Sy, the action of the k sector, reads

) ) ) . R
Sk =5 /dt{mth‘? — wi Rl +/dC|8t\Il<,k|2 — ()W’

2
+2XEV/2T0, / dgﬁ:c,k} ,

where ¢, £, and I' are arbitrary (positive) time-dependent functions, and where a phase
(—isgn(k))" has been absorbed in W, . Tn an atomic condensate, ¢ and ¢ are related by
€ =1/2m = cst.

From the above action, or from Eq. (8.17), we get the equation for yy:

(8.21)

[0 +T3)? + @] X = V/2T1.0, V5. (8.22)
The general solution can be written as
Xic(t) = Xi(t:to) + Xi (5 to), (8.23)

where the driven part (" (¢;to) and its temporal derivative vanish at t = t5. The decaying
cdec

part X3°°(¢;to) is thus the solution of the homogeneous equation which obeys the ETC
at that time. Hence it possesses the following decomposition:

R (tto) = e (Bi(t) + 6L (1)) (8.24)

where the destruction and creation operators i)k, lA)T_k obey the standard canonical commu-

tators [Z;k, Z;L] = 1 and correspond to the phonic operators of Eq. (7.31) in the decoupling
limit I' — 0, and where Yy, is a solution of [compare with Eq. (3.26)]

(07 +wi)xx =0, (8.25)

of unit Wronskian i(x;0xx — Xx0:X:) = 1. The usefulness of this decomposition is
twofold. On the one hand, ¢y can be conceived as the initial time when the state is fixed.
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The operators &L, ax can then be used to specify the particle content of this state. On the
other hand, Eq. (8.23) and Eq. (8.24) furnish an “instantaneous” particle representation
around any time ;. Indeed, in the limit I'/w < 1 and I'(t — ¢y) < 1, the contribution of
X (t;t9) can be neglected, and Yy (t) ~ X{(t; o) behaves as a standard canonical field
since the prefactor of Eq. (8.24) is approximately equal to 1. We shall return to this in
Sec. IT1. B. 2.

The driven part of Eq. (8.23) is given by [see Eq. (5.5)]

Xt to) = / dt'GX, (1 k) /2T, (1) Dy W (1), (8.26)
to

where G), is the retarded Green function of Eq. (8.22). Using the unit Wronskian
solution of Eq. (8.25), it can be expressed as, see Eq. (5.24)

Kol k) = 0(t — ')e™ T 9 (i (D)X (). (8.27)

Since y is a canonical and linear field, the standard relation between the commutator
and the retarded Green function holds, see Eq. (5.13). In consequence, when the state
of the system is Gaussian and homogeneous, the reduced state of x is completely fixed
by its anticommutator. Because of Eq. (8.23), it contains three terms

GX

Gae(t, k) = ({X(t), Xk (t)}) = G + Gar + G (8.28)
The first one decays and is governed by ¢

Glee(t, s k) = ({xXiee(t), Y956 (}) - (8.29)

The second one is driven and governed by PO

Gdr(t t's k) / drdr' /AT (T)Ty (7)) G, (t, )G (', 71) 0, 0 <{\i/?((7),\i/(lk(7")}>.
to
(8.30)

The third one describes the correlations between y and W. It is nonzero either when the
initial state is not factorized as p = p, ® pw, or when the two fields have interacted. It
is given by twice the symmetrization of

Grr(r.ts) = [ ar ARG 10 (0. 0% 0. (831

to

When the state is prepared at an early time I'(t — ¢5) > 1, only the driven term signif-
icantly contributes to Eq. (8.28), which means that the system would have thermalized
with the bath.

At fixed k and ¢, @2,1{, the homogeneous solution of Eq. (8.13) is a complex harmonic
oscillator of pulsation w; = m|¢|. It thus reads

—twet A iwet AT
e "CCek Heree -k

\/2w< ’

e\ (t) = (8.32)
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where ¢¢x and éz’k are standard destruction and creation operators. In the following
sections we shall work with thermal baths at temperature T". In such states, the noise
kernel entering Eq. (8.30) is,

w

(tia. i) - [ (5r)

0 m QWC

coslwe (T — 7). (8.33)

We notice that it does not depend on k.

We study the time evolution of the phonon state when making two assumptions.
First, we consider states which are prepared a long time before the experiment, so that
Eq. (8.28) is given by Eq. (8.30), with ty = —oo. Second, we suppose a sudden change
of the condensed atoms occurs at time t = 0. In App. A, we study the case where the
change is modulated in time at a given frequency. The speed of sound ¢ and the effective
coupling 7 entering Eq. (8.22) will change on a similar time scale. Since approximating
the change of the sound speed by a step function only modifies the response for very high
k, as can be seen in Ref. [CBFR10|, for simplicity, we shall work with an instantaneous
change for c. For 7y instead, we shall use a continuous profile because an instantaneous
change would lead to divergences, as we shall see below. Hence we shall work with

c(t) = ¢ + (e — c£)0(—1),
e(t) =+ (Y — ) h(kl),

where h(kt) is a smoothing out function which goes from 1 to 0 around ¢ = 0 in a time
lapse of the order of 1/k. At this point, it should be noticed that any physical system,
such as an atomic Bose condensate described by Eq. (7.9), would only respond after a
finite amount of time of the order of £/c. Hence the function h of Eq. (8.34) is physically
meaningful, and x should be of the order of ¢/¢.

Considering the asymptotic values of these profiles, we shall use the following nota-
tions

(8.34)

Dinge = ViQn/f(Cg)kQ?

. (8.35)
wiQn/f = Cizn/fk2 + (C§)2k4 - Fi2n/f>

see Eq. (8.19).

Before considering dissipation, we study the dispersive case, first, to analyze the re-
duction of the correlations due to stimulated processes and, second, to know the outcome
in the dissipation free case, so as to be able to isolate the consequences of dissipation.

II. The dispersive case

A. Analytic study

In the absence of dissipation, phonon excitations can be analyzed before and after the
jump using a standard particle interpretation. Hence, the consequences of the jump are
all encoded in the Bogoliubov coefficients «, 3 entering

Xin = OXout + BXZuﬂ (8'36)
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Figure 8.1: We represent the product wg X
Goc(t,t' = t), where the anticommutator
Gloc is given in Eq. (8.39), as a function of
the adimensionalized time tmc?, for k =
mcin, and for two values of the tempera-
ture, namely, T¢, /2 (dashed line) and 27T,
(solid line); see Eq. (8.42). The value of
the jump is ¢/c, = 0.1, As explained in
the text, the dotted line gives the threshold
- e e value 1/2 which distinguishes nonseparable
0- : : ‘ 4 states. When increasing the temperature,
the contribution of the stimulated amplifica-
tion with respect to the spontaneous one is
larger. As a result, the coherence is reduced;
i.e., the minima of wy x G, are increased.

which relate the in mode to the out mode. These modes have a positive unit Wronskian
and are equal to e_“*’i"/f‘t/w /2wi e for t < 0 or t > 0 respectively. Using Eq. (8.25), one
verifies that the modes are C! across the jump. From the junction conditions, one finds
the Bogoliubov coefficients [CBFR10]
wr + Win Wt — Win
o=— =—. 8.37
2/ wiwin 4 2/ Wiwin (8:57)
To prepare the comparison with the dissipative case, the initial phonon state is taken
to be a thermal bath at temperature 7T". This means that the initial mean occupation
number is n = 1/(e*n/T — 1) and that ¢™, the initial correlation term between k and
—k, vanishes. After the jump, the mean occupation number and the correlation term
are

2 2
ou ou ou 2 |O[ + |B|
n™ = nspctmt + N, = |8 /T — 17 (8.38a)
u U, ou QQB
Mt = Cgpént + i, = @B + /T _ 1" (8.38b)

These two quantities completely fix the late time behavior of the anticommutator of the
relativistic field Guc(t,t') = (0™ + 1/2)Re{xin(t)x5,(t')}. In fact, for ¢,¢' > 0, one has

/ —iwg (t+t

Gac(ta t/) :(nout + 1/2) cos (wf(t —1 )) + % (Coute f( )> . (839)

W W
Using this expression, it is clear that the contribution of the stimulated amplification
[weighted by n™ = 1/(e¥»/T —1)] and that of spontaneous processes are not easy to
distinguish. As said in Chap. 2, Sec. II. C, to be able to do so, it is useful to introduce

the parameter A of Eq. (2.34).
In the present case, the value of A associated with Eqs. (8.38) is

Aout — pout N +A?uj _ —(|Oé| . |5|) |ﬁ| SN ol B o VAR (‘04’ ‘5‘) ] (840)

spon stim. QWi n/T _
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Figure 8.2: The anticommutator of Eq. (8.39) multiplied by ws as a function of k/mcyy,,
when evaluated at equal time ¢t = t' = 5/mc2,, for ¢ = ¢;,/10, on the left panel for
T = T, /2 and on the right for T = T, (solid blue oscillating curves). The dashed
yellow line in the middle gives the value of wiGy. = n'™ + 1/2 before the sudden change.
The envelopes of the minima and maxima are indicated by solid purple lines. One clearly
sees that the domain of k, where the lower line is below the threshold value 1/2, is reduced
when increasing the temperature. Notice that all curves asymptote to 1/2 because in
the limit £ — oo, one has n, = ¢, = 0.

At fixed |3/, the threshold value of nonseparability A = 0 defines a critical temperature
Te. 1t is given by (see also Ref. [BFFW13))

B8/al = emm/Te. (8.41)

In Eq. (8.40), one clearly sees the competition between the squeezing of the state due to
the sudden jump governed by [ which reduces the value of A, and the initial occupation
number which increases its value. It remains to extract this information from Eq. (8.39).

B. Numeric study

To this end, we plot in Fig. 8.1 the product wiG,.(t,t' = t) of Eq. (8.39) as a function of
time, for two different values of T', respectively, half and twice the temperature

) 1
T€i11 = mcz

m = 4m€12n7 (842)

fixed by the initial value of the healing length. We obtain two perfect sinusoidal curves
since the mode y;, freely propagates after the sudden change. As stated after Eq. (7.46),
the minima of the curves correspond to A + 1/2. Therefore, if in an experiment, the
minimal value of wiG,. is measured with enough precision to be less than 1/2, one can
assert that the state is nonseparable (in the absence of dissipation).

To complete the analysis, we study how these results depend on the wave number k.
We work with the standard Bogoliubov dispersion relation [see Eq. (8.18)] with I" = 0,
c€ = 1/2m constant, and with ¢¢/c;, = 1/10. In Fig. 8.2 we plot the anticommutator
wi X Gae(t, ¥ = t) as a function of k for two temperatures, namely, T, /2 (left panel) and
T, (right panel). We first see that the modes with lower k are more amplified than those
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Figure 8.3: Contour plot of A% induced by a sudden variation of the sound speed, as a
function of temperature T'/T¢, and the logarithm of the ratio ¢/c;,. In the left panel, k =
mcin /10 is in the hydrodynamical regime, and in the right panel, k = mc;,. The threshold
value A% = ( is indicated by a thick line. One clearly sees the competition between
the height of the jump governed by ¢;/c;, which increases the coherence, i.e., reduces the
value of A, and the initial occupation number which increases A. One also sees that the
state of a higher momentum mode stays nonseparable for higher temperatures.

with higher k. As expected from Eq. (8.41), when looking at the lower envelope, we also
see that the coherence level is higher (the minima of G,. lower) when working with a
smaller temperature, and/or with higher k, i.e., with rarer events governed by a smaller
initial occupation number n;,. To quantify this effect, and possibly also to guide future
experiments, we characterize the domain where the resulting state is nonseparable, i.e.,
where A < 0. To this end, in Fig. 8.3, we plot A" as a function of T/T¢, and the
ratio ¢f/ci,. We consider two values of k, namely one in the hydrodynamical regime,
and one of the order of the inverse healing length. This clearly confirms that at higher
momenta, states are more likely to be nonseparable. Moreover, one sees that for a wave
number smaller than the healing length, at a temperature ~ T, of Eq. (8.42), in order
to obtain a nonseparable state, ¢f/c;, should be either larger than 3 or smaller than 1/3.

To illustrate these aspects with a concrete example, we consider the experiment of
Ref. [JPB*12]. The relevant values are T' = 6.057,, and k ~ 2.15mcy,, so that the initial
number of particles is of the order of 3. On the other hand, one has c;/c;, ~ 274, (To get
these numbers, we used 7' = 200nK, w/27 = 2kHz, m = 7.107* kg and c¢;,, = 8mm/s.)
The corresponding value of the coherence level is A ~ 1.4. Hence the state is separable.
In order to reach A = 0, one should either increase the ratio ¢f/c;, ~ 6, or work with a
lower temperature, of the order of 0.67%,,.

III. The dissipative case

In the presence of dissipation, the mode interpretation involving the Bogoliubov coeffi-
cients of Eq. (8.36) is no longer valid. In fact, the state of x is now characterized by GY"
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of Eq. (8.30), which is governed by the retarded Green function and the noise kernel.
The separability of the state should thus be deduced from its properties.

When the environment state is a thermal state, using Eq. (8.33), Eq. (8.30) can be
expressed as

G (t, 1) / —w coth T) Gr(t, we) Ge(t, —wye), (8.43)

where we introduced the Fourier transform
Girlt, ) = / dreic TG, (t, (8.44)

of the retarded Green function of Eq. (8.27). In the following, we compute Eq. (8.43),
which is easier to handle than Eq. (8.30), in two different cases. In the first one, there is
no dissipation after the sudden change, i.e., 7¢ = 0 in Eq. (8.34). In the second one, I' is
constant.

A. Turning off dissipation after the jump

When I'y = 0 for xt > 1, we have the possibility of using the standard particle interpre-
tation to read the asymptotic state. In fact, inserting Eq. (8.27) into Eq. (8.44), using
Eq. (8.34) and xt > 1, one gets

ér(taw() = % [ei“’ftR(wC) . efiwftR*(_wc)] ’ (845)
Wt
where
Riwe) = V2o / drh(s7)eeme S T go (). (8.46)

The function x°“*(7) is the standard out mode: it is the positive unit Wronskian mode of
Eq. (8.25) which is positive frequency at asymptotically late time. The time dependence
of Eq. (8.45) guarantees that Eq. (8.43) has exactly the form of Eq. (8.39). The final
occupation number n°“ and correlations c°“ are found to be
ou 1 Fin > dw W 2 2
n g = [ S coth(56) (1R + IR(-wo)l).
Wf 0
o0 (8.47)
outx i dwC We
v = 2—/ —w, coth(—=5) R(w¢) R(—w¢).
0

We notice that these expressions are similar to those of Eq. (8.38), and that R*(£w)
plays the role of a density (in w¢) of o and 3, respectively. In fact, when taking the limit
[y — 0in Eq. (8.47), one recovers the dispersive expressions of Eq. (8.38).

We can now explain why we introduced the function h in Eq. (8.34). For k — oo,
h(kt) becomes the step function 6(—t). In this limit, Eq. (8.46) gives

Riuw) = s e = i) +o(1), (5.43)

0 — (we —ily)? K

m
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which indicates that R behaves as 1/w; for w, — oo. Hence both n?* and ¢ of

Eq. (8.47) would logarithmically diverge. The divergences arise from the fact that the
environment field ¥ contains arbitrary high frequencies w¢. To regulate the divergences,
several avenues can be envisaged. One could either introduce a (-dependent coupling in
Eq. (8.12) or cut off the high frequency w¢ spectrum in Eq. (8.2a). However, these would
spoil the locality of Eq. (8.16). For this (mathematical) reason, we prefer to use h(kt)
of Eq. (8.34). Moreover, taking an instantaneous change in I'(¢) would remove the C!
character of G.(t,t") found in the dispersive case; see the discussion after Eq. (8.36).

1. Approzimating Eq. (8.46)

We now give an approximate value of Eq. (8.46) both for a general profile h and when
applied to the particular case

1 if z <0,
h(z) =2 1—2 if0<z<1, (8.49)
0 if 1 < z.

This shall be used to obtain the following figures. To do so, we first consider that A is
constant for negative times.? Hence, the part of the integral that runs on negative times
is easy to handle and gives

0 .
iWrT m oo h2 —_ou in oo h2 Wf + (WC — Zrm)
/ drh(rr)ecTe™ " i PRz /50wt (1) ~ e o G powr) oy (8.50)

— 50 in

Here, we neglected the effect of the change of & due to the change in I' for positive
times on ¢°. The deviation is generically of order I'Z /wk.? To get this bound, we
can write, for positive times, Y°“ = e " /\/2w; + Y1, and perturbatively in Y, get
to [x1]v2wr < T2 Jwik [ h2 This bound can be relaxed order by order by solving
Eq. (8.25) with a source. This is not the goal of this section. For positive times, we now
make the same approximation and get

> ; m oo 2 1 m 0 p2
| drhnyeisre e I () / drh(r)e 8 70 glec—anr (8 51)
0 0

K

We can now compute this last integral perturbatively in I'/k. To get coherent results
and to get rid of the 1/w, term, the same expansion is necessary in Eq. (8.50).

Since for the cases we consider (i.e., sudden change, I' < w < k), [in/k > T2 Jwik >
I'Z /K%, the expansion in T'y,/k should be done to first order maximum. To this order, R
becomes

_ Fio [ 5\ wr+ (we — i) /OO Fin/ 2 gilwe—wi)T
R—{( K/O h)@Q (o — ) + i drh(kT) ) h
2
o]
Wtk

2. This simplifies the study, but is not necessary. When it is not the case, we should apply the same
treatment to positive and negative times.

3. Note that for low values of k, a WKB approximation gives the same first term, with an upper
bound on the approximation given by I'? /w? (1 + k/w).

(8.52)
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™ 4 Figure 8.4: The ratio An, of Eq. (8.54)
\ 1o for a jump w/@y = 0.1 and kK = 10wy,
110 100 is represented in the plane n'™ T, /@i,.
o For low initial occupation number, we
i 1° see that An, is proportional to dissi-
> pative rate [',/@p,, whereas it evolves
from linear to quadratic for high num-

101 0%
1035! bers. As it is explained in the text, these

10-25H

10740

00 observations are confirmed by analytic
Jo.o1 .
1 expressions.
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When working with h of Eq. (8.49), one obtains

t(we—wr) i(we—wr)
wr + (we — ilyy) N ha ( e > Pin | wr+ (we — iTin) N ha ( r )
w02 — (we — )2 We — W 3k | @ — (we —iliy)? We — wr

in

R~

(8.53)

where e* = > 2 /k! — h,(2)z™/n! defines the remainder term of order n, h,(z), of
the Taylor expansion of the exponential function. We notice that h,(z) ~ z for x — 0
so that R is regular at w, = ws. Moreover, at large x, h,(z) ~ —e*n!/2" + 1+ O(1/x)
so that R ~ 1/w at large we.

To complete the study, we checked the validity of Eq. (8.53) by numerically evaluating
R. When considering only the first two terms of Eq. (8.53), we observed that the relative
error is smaller than I'/k, as predicted. When including the last term, the relative error
remains smaller than T'?/kw;.

2. Spectral deviations due to dissipation

We study how n°“ of Eq. (8.47) depends on the dissipation rate I'y,. To this end, we
study its difference with the dispersive occupation number ng of Eq. (8.38) evaluated
with the same values for the temperature 7', and the initial and the final frequency [see

Eq. (8.35)]. In Fig. 8.4 we represent the relative change
1 (D) — gt

An, = ,
T T g 2

(8.54)

as a function of the initial occupation number n' and the ratio I'y, /@y,. We work with a
jump we/@, = 0.1, and with kK = 10&;,. [We use this parametrization because, at fixed
k, Eq. (8.22) only depends on w(t) and I'(¢). Hence the healing length and & need not be
specified.| For these values, we find two regimes. First, for a low occupation number, we
observe that the deviation An, linearly depends on I';;,. An analytical treatment based
on Eq. (8.52) reveals that, for small T'y, /wi, and large x/wi,, An, behaves as

I 1
Anr = (w—m> m X g(/{/win), (855)
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Figure 8.5: We represent the lines of A = —0.2 (dashed), 0(solid) and 0.2 (dotted) in
the plane {T'/T¢, ,logo(ce/cin)}, on the left panel for £ = 0.3mc;, and on the right one
for k = mey,. 7 takes three values: from 0, i.e., the dispersive case shown by the thick
red line, to 0.5, and x = 10mc?,. For temperatures that are not too low, we observe that
the value of A is robust when ¢ < ¢, (which corresponds to an expanding universe),
while it increases when ¢; > ¢j,.

where g(k/wi,) is a rather complicated function?. We did numerically checked that
Egs. (8.55) and (8.56) apply for n;, <5 and x 2 10w;,. Hence, under these conditions,
An, depends on kg of Eq. (8.57), but not on the exact shape of h of Eq. (8.34).
Second, for high occupation numbers and high xT'/w?, we observe in Fig. 8.4 a
quadratic dependence in T'. Lowering <I'/w? , we observe a transition from this quadratic
behavior to a linear one. These numerical observations are in agreement with the ana-

lytical result

LoNZ w2 — 2 I
Am~< m) M_{_O(ﬂ)’ (8.58)

2 2
Win wi, + ws

which applies in the limit I'l, K w K K K T

4. Tt is given by

7w\ 1+ (we/win)

g(k/win) = ! (M - 1) , (8.56)

where ke is the effective slope of the profile h(kt). It is given by

Koff = K €Xp [—’y — /dtdt’ (O¢h) (O h) log(k |t — t'|)} , (8.57)

where + is the Euler constant. The interesting part of these equations is that they apply for any h(xt)
when £/wiy > 1. Moreover, kg also governs the logarithmic growth of |c|.



140 CHAPTER 8. DISSIPATIVE PHONONS

Figure 8.6: We represent the anticommuta-
tor G, normalized to its value before the
jump, as a function of wet, and for T' = T,

and £ = 2mcy,. The three upper curves
3.0 o SRR = (in blue) represent an expanding universe
250 - - (cf = 0.5¢in), while the three lower (in pur-
s 2.05 “ ) | - .- ple) ones represent a contracting universe
*:VQ o i - (&r = 2¢i). The solid lines show the two
O 15¢ ST N /7w o dispersive cases, the dashed lines represent
& 10! RN > the dissipative cases with v = 0.15 and
o5t \\\\;\:: p NS " © Kk =100mc2, and the dotted lines show the
E o o - results when & is increased to 10TmcZ, in or-

0.0

O 0 1 2 3 4 5 & der tosee the logarithmic growth of n and ¢

wrt of Eq. (8.38). In all cases, G, is C' across
the jump. Since the coherence is based on
the minima of GG, the value of A is robust
when ¢;/¢, < 1, whereas it necessarily in-
creases when ¢¢/c;, > 1.

In brief, Egs. (8.55) and (8.58) establish how n® of Eq. (8.47) converges towards the
dispersive occupation number of Eq. (8.38) when I, /wi, < 1 and k > wi,. A similar
analysis can be done for the coefficient ¢® of Eq. (8.47), and it gives similar results.

3. Final coherence level

In Fig. 8.5, we represent the coherence level A of Eq. (2.34) as a function of the tem-
perature and ¢/, for two different values of k, namely, k/mc;, = 0.3 and 1, and three
values of 2, namely, 0,0.25 and 0.5. The value of k is k = 10mc?. As one might have
expected, we observe a continuous deviation of A for increasing values of the coupling
v2. More surprisingly, we observe that increases of ¢(t), ¢f > ¢, and decreases, ¢ < i,
behave very differently. In the first case, there is a large increase of A, which implies a
loss of coherence. On the contrary, in the second case, the value of A is robust, and some
marginal gain of coherence can even be found. To validate these observations, we studied
the behavior of A for different profiles of the smoothing function h(xt). Whenever c¢/ciy
is not too close to 1, we obtained similar results, thereby showing that the choice of the
profile of h does not significantly matter. Instead, when ¢;/¢;, ~ 1, the behavior of A is
less universal.

In order to understand the different behaviors of ¢; > ¢;, and ¢; < ¢, we represent in
Fig. 8.6 the anticommutator normalized to its value at the jump Gu.(t = t')/Gi=y—o as
a function of wet, and for different values of the steepness parameter k. We first notice
that this function is C' across the jump, as were the modes in dispersive theories. This
implies that one extremum of the anticommutator coincides with the value before the
jump. In the absence of dissipation, one easily verifies that it is a minimum for ¢; < ¢,
and a maximum otherwise. For weak dissipation, by continuity in I', this must still be
the case. Hence, when ¢; < ¢, the minima of the anticommutator are fixed by the initial
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state. Instead, for ¢f > ¢y, they are fixed by the intensity of the jump and the injection
of energy from the environment. As clearly seen in the figure, this injection increases
with x and explains why coherence is more robust when ¢ < ¢, (i.e., in expanding
universes).

B. Constant dissipation rate

In this section, we study our model when the dissipative rate I' is constant, as it is
found for instance in polariton systems [GC12, KW14| and in Josephson metamate-
rial [LPHH13|. In this case, there is no unambiguous notion of (out) quanta, even though
the anticommutator of Eq. (8.43) is well defined for all ¢,¢'. Nevertheless, provided I'/w
is low enough, we shall see that an approximate reading of the final state can be reached
in term of the instantaneous particle representation based on Eq. (8.24).

Because 7 is constant in Eq. (8.34), there is a simplification with respect to the
previous subsection: no regularization is now needed since Eq. (8.43) is finite. Moreover,
the retarded Green function of Eq. (8.27) is exactly known. It is given by

O(t — /)= for ¢! t < 0ort’ >0,

Gicet _ efF(tft’) > sin(@t) fos(d}int ) cos(wst) sin(@int’) (859)

wr Win

for t' <0 and ¢ > 0.
Hence, after the jump of ¢, for positive times, the Fourier transform of Eq. (8.44) gives

- Feiwgt e*Ft+ia)ft o + (w —T 1
Gr(tﬂUC)ZNZ \/_ +\/f Nf ( ¢ ) —

Wy — (wg — ZF)2 Q(Df w?n — (WC — ZP)Q (Z}f — (wg — ZF) (860)
+ ((ij — _(.Df).

This means that we (exactly) know the integrand of Eq. (8.43). The integral can be
performed by analytic methods (by evaluating the residues of poles), and then recognizing
the infinite sum as a finite sum of hypergeometric functions. We do not present the
analytic result here since it is long and not instructive. Instead, the main results are
presented below.

1. Two-point correlation function

To discover the effects of dissipation, in Fig. 8.7 we plot @&f X Gu.(k,t = t') both as a
function of time, as in Fig. 8.1, and as a function of the wave number £, as in Fig. 8.2.
When considered as a function of ¢, we observe that the oscillations take place in a
narrowing envelope. As expected, the latter follows an exponential decay in e~ towards
the equilibrium value 0fG¢ = @W;G,.(t = t' — 00). This simple behavior implies that
the nonseparability of the state is quickly lost at high temperatures. Indeed, a rough
estimate of the lapse of time for the decoherence to happen is of the order (2I'n®)~!,
where n is the mean occupation number at equilibrium. Hence, when n® > 1, the
time for the loss of coherence is smaller than the dissipative time 1/I" by a factor 1/2n%.
When considered as a function of k, on the right panel, we observe damped oscillations.
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Figure 8.7: We represent the product &g x G (¢, ¢ = t) where G, is given in Eq. (8.39), on
the left panel, as a function of the adimensionalized time tmcZ, for k = 1.5mci,, 72 = 0.03
and T = 0.8T%,_, and on the right panel, as a function of k/mc, for t = 5/mc?,, 42 = 0.05
and T = 0.57%, . The dashed yellow line on the right panel is the case with no dissipation
72 = 0. In all cases, the height of the jump is ¢;/cy, = 0.1.

Figure 8.8: We draw the equal time density-
density correlation of Eq. (8.61) as a func-
‘ ‘ - tion of me;, |x — x/|, for an elongated (1D)
f\ condensate and ¢f/c, = 0.1, and T' = T, .
- / A A We take t = 7.5/mc? and four values of 2,
— e ,/\)’ \\/ namely, 1072 (solid blue line), 1071 (dashed
/ LU purple line), 1071 (dot-dashed yellow line)
\ | v and 107%° (green dotted line). The param-
i / 1 eter n of Eq. (8.14) is n = 0. We observe a
\ peak at x = 2’ that is broadened by dissipa-
0 100 200 300 a00 tion, and a series of peaks propagating away
M Cin (X-X') from the center with a group velocity higher
than ¢;. The faster they propagate, the more

damped they are since we have I' ~ k2.

For large k, they are more damped than those of the dispersive case (represented by a
dashed line) since the decay rate T' oc k2.
To further study the effects of increasing I', in Fig. 8.8, we represent the equal time
density-density two-point function (see Ref. [FF04] and Chap. 7, Sec. IIL. A)
<516(t7 X)éﬁ(t7 X/)> dk ik (

Gag = = | =k 2GR (11 = 1), (8.61)
P ™

for the case of one dimensional (elongated) condensate and four values of 72, namely,
log;y(7?) = —2,—1.5,—1 and —0.5. We take a rather large ¢ = 7.5/mc? to see the
propagation of the phonon waves. As expected we observe a peak centered on x = 2/
plus a series of peaks for |x — /| > 2¢¢t. The first one is present even in vacuum and
is amplified by the mean occupation numbers n; > 0. We see that it is broadened by
dissipation. The series of peaks for |x — z'| > 2¢t is due to the fact that the phonons
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are produced in pairs. As in inflationary cosmology [CP04]|, their amplitudes are fixed
by the ¢ coefficients. These peaks propagate at different speeds because of dispersion.
The fastest are more damped because dispersion is anomalous, and because dissipation
goes in k2. We also notice that the first propagating peak is negative when working with
¢t < ¢- (For ¢ > ¢, instead, it would be positive.) We conclude by noticing that this
plot gives no indication of whether the state is separable or not, mainly because G4
mixes different two-mode sectors labeled by k, some of which being nonseparable, but
not all.

2. Approximate particle interpretation and separability

To interpret the properties of G,., we now use the instantaneous particle representation
based on Y% of Eq. (8.24). Even though the anti-commutator G, is well-defined, for
dissipative systems, there is no unique (canonical) way of defining the concept of particle.
Hence the mean occupation number n and the correlation term c are somehow ambiguous.
The issue is twofold as it requires one to treat separately the equilibrium and the out of
equilibrium parts of G..

First, a close examination of the out of equilibrium part dG,. = G, — G5 reveals
that it contains nonoscillating terms which cannot be expressed as the anticommutator
of ¥4 in Eq. (8.24). In fact the equal time anti-commutator of Y% decays as e 2t
whereas the non oscillating terms decay as e ?™?. Hence, when I' < 7T, these extra
terms can be neglected for ¢,¢' > 1/(xT — I'). When these conditions are fulfilled, one
can define dn(ty) and dc(tp), the out of equilibrium value of the occupation number and
the coherence at %, by

G (t, 1) ~ 5n(t0)xdec(t; to)[)(dec(t’; to)]" + 5c(t0)xdec(t; tO)Xdec(t'; to) + cc, (8.62)

where y%(t;t,) = e T(t-t0)g=@i(t=t0) / /2% is the decaying solution of Eq. (8.24) which
contains only positive frequency and which is unit Wronskian at ¢t = ¢. Since 0G.(t,t')
is independent of ¢y, one immediately deduces that

dn(te) = on(0)e 2" |dc(ty)| = |0c(0)|e~ 2 o. (8.63)

This matches the behavior of the envelope observed in Fig. 8.7. In the limit of small
dissipation, one finds that the initial values obey

: r r
5n(0) = on®? + O <u7 + T) ,

: r r
— disp
5¢(0) = P 4 O (win + —T> :

(8.64)

where on®s? = no% —ne and c¥P = " are the corresponding quantities evaluated with
the dispersive case v = 0. The values of n°“ and ¢®“ are given in Sec. II, and n® is the
mean occupation number in a thermal bath.

Second, a similar analysis of the equilibrium part of G,. gives

Gea(t, 1) = e~ Ti=YIGthisn gy py 4 oLy (5.65)

Wt
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Figure 8.9: We represent the coherence level
A as a function of I't, for T' = T, /2 and
v = 0.01. We consider two values of
¢t/cim = 0.1 (solid line) or 0.5 (dashed line),
and two values of k/mcy, = 1 (black line)
or 1.5 (thick red line). The imprecision in
the value of A is indicated by vertical bars.
In the present weakly dissipative cases, the
spread of A is of the order 0.02. Therefore,
the moment where the nonseparability of the
state is lost is known with some precision.

where G!»45P i the corresponding dispersive anticommutator in a thermal state. It is
worth noticing that in the presence of dissipation, the rescaled anticommutator can be
smaller than 1/2, as can be seen in Fig. 8.7 for high k. This is because the ¢ field is still
interacting with the environment. Yet, in the limit I'|[¢ — ¢'| < 1 and T'/wy < 1, G% is
indistinguishable from GIsP. We can then work with 2n® + 1 = coth|w¢/2T]. Doing
so, we get an imprecision of the order of I' /wy.

Having identified n = dn + n®? and ¢, we can compute the coherence level A of
Eq. (2.34), which of course inherits the imprecision coming from n®. In Fig. 8.9, we
represent Ay and its imprecision as a function of time for four different cases. As already
discussed, we notice that the nonseparability of the state is lost in a time much smaller
than 1/I". We also notice that when I'/w is low enough, the imprecision in A does not
significantly affect our ability to predict when nonseparability will be lost. In brief, for
low values of I'/w and I'/T, the anticommutator G,. can be reliably interpreted at any
time o using the instantaneous particle representation based on {9°(t, o) of Eq. (8.24).

Conclusions

In this chapter, we computed the spectral properties n; and the coherence coefficient
¢, of quasiparticles produced when a sudden change is applied to a one-dimensional
homogeneous system. We took into account both the effects of an initial temperature
and the fact that the quasiparticles are coupled to a reservoir of modes, something
which induces dissipative effects. For definiteness, the quasiparticles are taken to be
Bogoliubov phonons propagating in an atomic condensate. Yet our results should apply,
mutatis mutandis, to all weakly dissipative systems (as long as the background is not
dissipated).

For simplicity, we work with a quadratic action. Importantly, this allows us to com-
pute the anticommutator for nonequal times [see Egs. (8.28) to (8.31)|, something which
is not generally done when using the truncated Wigner method [SLC02], but which could
be very useful for future experiments. Because our system is coupled to a bath, n;, and
cr are a posteriori extracted from the anticommutator of the phonon field [see Eq. (8.47)
and (8.62)]. Then, to distinguish classical correlations from quantum entanglement,
we used the fact that negative values of the parameter Ay of Eq. (2.34) correspond to
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nonseparable states (for the Gaussian states we consider).

When neglecting dissipative effects, we studied the competition between the squeez-
ing of the quasiparticles state, which is induced by the sudden change, and the initial
temperature, which increases the contribution of stimulated effects [see Eq. (8.40)]. In
Fig. 8.1, one clearly sees that the value of the minima of the equal time anticommutator
allows one to know if the state is separable or not. The outcome of the competition is
summarized in Fig. 8.3, where the coherence parameter A is plotted as a function of the
sudden change of the sound speed and the temperature. We applied our analysis to the
recent experiment of Ref. [JPBT12| and concluded that one should either increase the
change of ¢ or work with a lower temperature in order to obtain a nonseparable state.

We then included dissipative effects. When there is no (significant) dissipation after
the sudden change, we showed in Fig. 8.4 how the final number of particles is progres-
sively affected by increasing dissipation. When the initial occupation number is low,
the deviations are linear in the decay rate I', whereas they are quadratic for occupation
numbers n'® > 5. Interestingly, we observed in Fig. 8.5 that dissipation, on the one hand,
hardly affects the coherence parameter A when the sudden change is due to a decrease of
the sound speed (something which corresponds to an expanding universe when using the
analogy with gravity) and, on the other hand severely reduces the coherence when the
sound speed increases. This discrepancy is further studied in Fig. 8.6 which illustrates
the key role played by the C! character of the anticommutator across the sudden change.

We also studied the case when the dissipative rate is constant. In this case, the
main effect of dissipation on the anticommutator is the expected damping towards the
equilibrium value, see Fig. 8.7. As a result, for high occupation numbers, the nonsep-
arability of the state is lost in a time much shorter than the inverse decay rate, see
Fig. 8.9. In spite of the fact that the quasiparticles are still coupled to the environment,
we showed that a reliable study of this loss can be performed for weakly dissipative sys-
tems, i.e., with I'/w < 1. On the contrary, for strongly dissipative systems, i.e., rapidly
decaying quasiparticles, we believe the notion of nonseparability cannot be meaningfully
implemented.



Chapter

Dissipative condensates

Introduction

In an atomic Bose condensate, the number of atoms is (to a very good approximation)
conserved. As a consequence, to make a measurement on the state, one modifies (and
sometimes destroy) the condensate. On the other hand, there exist some systems, such
as polariton systems, see Chap. 7, Sec. IV where the particles forming the condensate
are dissipated. When measuring the outgoing flux, one then measures the properties of
the system. This is the main advantage of such a system: it is not necessary to destroy
the condensate to observe it.

In this chapter, we first review the equations of motion for phonon in such a system.
We then study in details the stationary state so that we identify its main properties. In
particular, since the system is out of equilibrium, the fluctuation dissipation theorem is
violated. In Sec. I1I, we compute the reaction of the phonon state to some sudden change.
To avoid technical difficulties, the sudden change is fine tuned so that the condensate is
stationary. This chapter is mainly based on [BCP14].
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I. The physical system and the equations of motion

We use here the polariton system of Chap. 7, Sec. IV, with the Hamiltonian given in
Eq. (7.55). Moreover, we shall restrict to the case of a monochromatic pump normally
incident on the cavity, which gives a vanishing in-plane k = 0 and therefore a spatially
homogeneous and isotropic pump amplitude F(x,t) = Fy(t)e~*r': this pump configura-
tion injects into the cavity a photon fluid that is spatially homogeneous and at rest. Even
though the coherent pump acts on the single k = 0 mode, because of the interaction
term, the field dynamics involve the whole continuum of in-plane k modes.
From Eq. (7.55), the equations of motion are

2

. P N .
i0,® = (Egare — 2—" + g<I>T<I>) o+ / dCgcVe + F, (9.1a)
m
iat‘ifc = WC@C =+ gCCTD. (91b)
The solution of Eq. (9.1b) can be written as

A

Ue(x,t) = P(x,t) —i / dt'o(t — t')e= <= g d(x, 1), (9.2)

The first term is the homogeneous solution (contrary to Eq. (8.32), the environment is
not relativistic) ) ’
W2x,t) = é(x, )e ™, (9.3)

Here é(x, ¢) is the destruction operator of a environment quantum of energy w, localized
at x. It obeys the canonical commutator

[e(x',¢"), (%, ¢)] = (x = x)é(¢ — ¢ (9.4)

Introducing the right hand side of Eq. (9.2) in Eq. (9.1a) gives the effective equation
of motion for the photon field,

AL A

N 02 A N A
10, ® = (Egare — 2_X + g@TCD) o — i/dt’D(t —t"o(t) + /d{gglllg +F=0. (9.5
m
The non local dissipative kernel is [compare to Eq. (8.16)]

D(t—t)=0(t—t) / dCgle <=1, (9.6)
and its Fourier transform is

~ i
D(w)= [ d(gi————. 9.7

() / CQCW—WC—FZE (97)
Because of the high frequency of the pump as compared to the time-scale of the hydrody-
namic evolution of the fluid, we shall see below that D(t —t') can be well approximated
by a local kernel within a sort of Markov approximation and correspondingly D(w) can
be approximated by a constant value independent of w.
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Under a weak-interaction assumption, we perform the usual dilute gas approxima-
tion [PS03] and we split the field operator as the sum & = Boona(1 + ¢) of a (large)
coherent component ®.,nq(X,t) corresponding to the condensate and a (small) quantum
fluctuation field ngS(x, t). Including the new terms stemming from pumping and from
losses, the mean field ®.,nq(x,%) can be shown to obey a generalized Gross-Pitaevskii-
Langevin equation of the form

2

. are a:r
Zatq)cond(xa t) = (Eg - om + g |<Dcond|2) (pcond(xa t)
(9.8)

—i/dt'D(t—t’)CIDcond(x,t’) + F(x,1).

When assuming that the pump is almost monochromatic F(x,t) = Fy(x,t)e ™" and
Deona (X, 1) = Po(x, t)e “rt with ®g(x,t) and Fy(x,t) slowly varying functions of time, it
is appropriate to extract the temporally local part of the dissipative kernel and to rewrite
Eq. (9.8) as

_ 52 _ _
10,00 (x,1) = Fy(x,t) + (Eg +AE —w, — = 4 g || - iF) Py (x, t)
2m (9.9)

—i / dt'D(t — )™= [Do(x, 1) — Po(x,1)]

where the real and imaginary parts of D(w,) = I'+iAFE defined in Eq. (9.7), respectively
give the decay rate I" and a (small) shift AE of the photon frequency, see ref. [CL81].
Explicitly, one has

AE = —/dgggP.V. I= /d(ggﬂé(wc — wp), (9.10)

(we — wp)’

where P.V. is the Cauchy principal value. In the following, all formulas will be written in
terms of the effective cavity photon frequency, Fy = Ey™® + AE. The ratio w,/I’ = Q,
gives the quality factor of the cavity: in typical microcavity systems one has Q, < 10°.
For a given w,, various choices of g, giving the same value for I' should be considered at
this level as physically equivalent.

II. The stationary state

We begin our discussion of quantum fluctuations in a stationary state under a spatially
homogeneous and monochromatic pump at frequency w,, F(x,t) = Foe “** with a con-
stant pump amplitude Fy. In this case, we can safely assume the coherent component
D ona of the photon field to be itself spatially homogeneous and monochromatically oscil-
lating at wy, Peona(X, t) = &ge !, Using Eq. (9.9), it is immediate to see that &, obeys
the state equation

[wp—EO—g\¢0\2+zF] 4>O :Fo. (911)
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e - Figure 9.1: We represent the density of the
10 - condensate, solution of Eq. (9.11) as a func-
so S o0sl - tion of the pump intensity. The relevant pa-
> \'5- f - rameter in such a figure is the distance from
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In the following, we shall assume that the phase of the pump Fj is chosen in a way to
give a real and positive &, > 0. As we are interested in a stable configuration where the
phonon mass is the smallest, we will follow previous work on analog models based on
superfluids of light in microcavities |GC12] and concentrate our attention on the case of a
pump frequency blue-detuned with respect to the bare photon frequency w, > Ej, where
the dependence of the internal intensity 3 on the pump intensity | Fy|? shows a bistability
loop, see Fig. 9.1 or Refs. [CC04,CC13al. More specifically, we shall concentrate on the
upper branch of the bistability loop, where interactions have shifted the effective photon
frequency FEy + g3 to the blue side of the pump laser, Ey + ¢g%; > w,. Exact resonance
wp, = Eo + g&% is found at the end-point of the upper branch of the bistability loop: as
we shall see shortly, only this point corresponds to a vanishing phonon mass. The more
complex physics of quantum fluctuations under a monochromatic pump in the vicinity of
the so-called “magic angle” was discussed in [SC10] for pump intensities spanning across
the optical parametric oscillation threshold [CSQO03|.

A. The equation of motion

Eqgs. (9.5) and (9.8) determine the equation for linear perturbations ¢. Taking into
account the spatial homogeneity of the mean-field solution ®..,q, we use the relative
perturbation g%k at given wave number k. Using a Markovian ! approximation to neglect
the non-local part of the dissipative term, one obtains the following quantum Langevin
equation of motion [compare with Eq. (8.13a)]

A

: . 48
i(0; + T)we = Qpione + mc2!y + 4’—“. (9.12)
0

1. The exact equation is given in Eq. (9.42). Since the characteristic frequency wy, of phonon modes
is much lower than wy, the non-local part of the dissipative term of Eq. (9.6) can be neglected as it

gives corrections proportional to wy/wy. In fact, using Eq. (9.7), [D(wp +w) — D(wp)] ~ D(wp)w/w), for
typical dissipation baths, which is much smaller in magnitude than D(w,) when w < w,.
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Its conservative part shows interesting differences from the case of atomic condensates:
While the interaction energy has the same form as in Eq. (7.19)

mc? = g&, (9.13)

the detuning coefficient multiplying éx in Eq. (9.12) keeps track of the pump frequency
wp. It is given by
k‘2
O = 5 W + Ey + 2mc?, (9.14)

instead of Eq. (7.20). It allows for a larger variety of Bogoliubov dispersions [CC04,
CC13a]. The eigenmodes of the deterministic part of the linear problem described by
Eq. (9.12) are in fact characterized by the dispersion Eq. (7.23) and collective phonon
destruction operator of the form of Eq. (7.21) where u; and vy are given by Eq. (7.22).
Using Eq. (9.14), we get to the explicit expression

4

wr :M(M+2m)c4+k‘202(1+M/m)+ﬁ, (9.15)
m
in terms of the mass parameter M defined by
Mc* = Ey +mc® —w, > 0. (9.16)

We put a” on &F to emphasize that the dispersion relation is the one of Eq. (8.18), or
equivalently Q% + 2i'Q) = w?, with w;, and @y, linked by Eq. (8.19). The presence of a fi-
nite phonon rest energy is a crucial difference as compared to the equilibrium case where
phonons are always massless. The phonon mass is however dramatically suppressed
M < m when the pump frequency approaches resonance with the (interaction-shifted)
cavity mode, w, ~ Ey + g2, that is, when the operating point approaches the leftmost
end-point of the upper branch of the bistability loop. In this limit, M — 0 and the
dispersion exactly recovers the usual Bogoliubov dispersion of equilibrium Bose conden-
sates [PS03|, with massless phonons and a low-frequency speed of sound equal to ¢, see
under Eq. (7.23).

As usual for quantum Langevin equations, the equation of motion (9.12) also involves
a decay term proportional to I' and an effective quantum source term

Silt) = / dCgeé(k, )ecent (9.17)

summarizing quantum fluctuations in the initial state of the environment, assumed to be
decorrelated from the system. In the Markovian limit w < w,, the Langevin quantum
noise operator Sk(t) satisfies the bosonic commutation relations of a destruction operator

[Sk(t), SL ()] = / dCgZe™" W)= L oTs(t — ')d(k — k'), (9.18a)
[Sk(t), S ()] = 0. (9.18b)

We further assume that the environment is initially in an equilibrium thermal state with
low temperature T, < w,. As the characteristic phonon frequencies @ are also much
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smaller than w,, we can safely approximate the expectation values by the following
expressions

< Ak(t)gk’(t/)> =0, (9.19a)

(kS (t)) = 2ra(t — 1)k ~ ), (9.19b)
< }t(t)ék(t/)> - Wi%é(t —1)d(k — k') ~ 0. (9.19¢)

This means that the environment is a vacuum white noise bath with a flat frequency
distribution.

B. Quantum fluctuations in the steady state

In the present stationary case, the Bogoliubov transformation of Eq. (7.21) is time inde-
pendent. In terms of the phonon operator ¢, Eq. (9.12) then becomes,

Z(@t -+ F)(ﬁk = d)k@k + (ukgk - UkST_k) . (920)

Because of w, > 0, the creation operator gT_k contains positive frequency. Indeed, using
Eq. (9.17), one gets

/dtei“tsﬁk = ZW/nggég(k, Q)o(w + we — wyp), (9.21)

which only vanishes for w > w,, that is, far outside the frequency range involved in the
phonon dynamics. As a result, the quantum fluctuations of the environment heat up the
phonon state even when kllg is in its vacuum state, i.e., when the environment state is

annihilated by Sk.
As in Eq. (8.23), the solution of Eq. (9.20) has the following structure

Pr(t) = G (tto) + Gi (ts o). (9.22)
The decaying part is
Bt 10) = by T eI, (9.23)

where the b operator destroys a phonon at time ¢y and obeys the canonical commutator
b, bl.,] = 0(k — K'). The driven part is

t

G (t:tg) = —i / t'e T (1 Sy () — ST (1)) (9.24)
to

One verifies that ¢y of Eq. (9.22) obeys the usual equal time commutators

[Bxc(t), 2l ()] = (k — K), (9.25a)
[Px(t), ¢ ()] = 0, (9.25b)
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as an identity, irrespectively of the choice of ty. More precisely, the two-time commutators
are given by:

[(Pr(t), @i ()] = 71 lem @ =5 (k — k), (9.26a)
[Px(t), - (t)] = O (%) é(k —K). (9.26b)

In the Markov limit under consideration here w;, < w,, the latter commutator is neg-
ligible. Once the stationary state has been reached (i.e., in the ty — —oo limit), the

~dec

decaying part @ is also negligible and @y is given by ¢ of Eq. (9.24).

1. Two-point functions in the steady state

The statistical properties of the phonon field are summarized by two point correlation

functions
G ot 1%) = (B (alt))
G2 (L, 1 k) = (P w(t)Pr(t))

which are directly related to the physically observable second-order coherence function,
see Eq. (7.40b), describing the correlations of density fluctuations of the in-cavity photon
field. The Fourier transform of go(x,t,x',t') [see Eq. (7.44)| is related to the so-called
structure factor of the fluid and provides direct information on the k component of the
density fluctuations [PS03]. To quadratic order in (;3 it is equal to

’ (9.27)

gEt ) =2 (up — vp)* R[G(, ', k)] — 20k (ug, — vg)e 1 cos[@g (t — t)], (9.28)
where
G(t, U, k) = G ?(t, ', k) + G#(t, 1 k) (9.29)

is linked to the anticommutator of y we used in Chap. 8 by

cos|wy(t — t’)]‘

; (9.30)

RIG(t, ', k)] = wiGoe —
We thus see that a measurement of go provides complete information on R[G]: the
second term of Eq. (9.28) is in fact state-independent, as it is equal to the real part of
the commutator in Eq. (9.26a) multiplied by some known factor.
Using Eqgs. (9.24) and (9.19b), one obtains the two-point functions of Eq. (9.27) in
the stationary state:

f / b —Tt—t'| o (t—t'
G& (L1 k) =nj e =t gion(t=t)

9.31
GE(t, 1 k) = &b e~ (TH@nl=t] (9.31)
where
r
g = By = 9.32)

I +icy,
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Roughly speaking, these quantities give the mean occupation and the correlation function
in the phonon point of view. As shown by a more careful analysis, these identifications
are subjected to some inherent imprecision, see the discussion below in Sec. II. B. 3 and
Chap. 8, Sec. III. B.

An alternative description of this state in terms of the photon variables (instead of
the phonon ones) can be obtained using the Bogoliubov transformation Eq. (7.21). The
mean occupation number and the correlations of photon operators are equal to

~9 2 2
2 Wi a, Vg U,

n@t = il ——E _ O — iOugn
k k%k 12 ~2 k. kYEVE < =
I+ w; I' =0, T+ iy

(9.33)

These quantities are accessible from the intensity pattern of the far-field emission from
the cavity and its coherence properties: the presence of a non-vanishing emission nZ’St at
a wavevector distinct from the coherent pump at k = 0 stems from parametric processes
analogous to the ones taking place in parametric down-conversion experiments. The

non-vanishing correlation cZ’St # 0 is a signature of the two-mode squeezed nature of this

emission [WM95, GZ04, CSQO1].

From the photon momentum distribution Eq. (9.33), it is immediate to calculate
the first-order coherence function defined in Eq. (7.40a). For simplicity, we restrict our
attention to g; evaluated at equal times ¢ = t/,

dK i ix—x) s
g(x, Xt =t) =8>+ / (27r)de k(=) st (9.34)
In this equation, d is the dimensionality of the fluid along the cavity: while standard
planar cavities as the one sketched in Fig. 7.1 have d = 2, effective one-dimensional d = 1
fluids can be created with an additional in-plane confinement [CC13a|. The modified
Bogoliubov coefficients uy, vy which appear in Eq. (9.33) are given in Eq. (7.22) and the
frequency @y in Eq. (9.15). Using these expressions, a straightforward calculation gives
2 4
a,st m-c
= 9.35
TR (9:39)
which is regular in the & — 0 limit both because of the (small) phonon mass M (M +2m)c*
in Eq. (9.15) and because of losses.
Using isotropy, it is immediate to see from what precedes that for any dimensionality
d, the |x — x| — oo long distance limit of g; shows a condensate plus an exponentially
decaying term,
gi(x,x' 1 = 1) ~ 82 + Ae /e, (9.36)

with a coherence length

A1+ M/m) 17

l. =
2+ M(M + 2m)ct

(9.37)

This shows that in the present case, thanks to the presence of the coherent pump, the
long-distance coherence of the photon “condensate” is robust against fluctuations inde-
pendently of the dimensionality. For a recent discussion of the long distance coherence
of g1 under an incoherent pump, we refer to [CC13b, ATS*13].
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Figure 9.2: Mean occupation number of
phonons n}, , = v} for a low phonon mass
parameter M/m = 0.01 in the driven-
dissipative steady state (solid), and in a
thermal state at temperature 7' = 1/2mc?
(dashed). Both curves are independent of
the dissipative rate I'. Whatever the value
of the mass parameter M, one can show
that the absolute deviation between the
two curves is always smaller than 0.052
which is reached for Q, ~ 1.5mc®>. On
the other hand, the relative difference be-
tween the two occupation numbers be-
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Figure 9.3: Intrinsic imprecision in

the measurement of the mean occupation
number of phonons. The solid curves
show nj = nj, £ ’EZ’St‘ involved in
Eq. (9.41). The dashed line represents
the thermal distribution at 7" = 1/2mc?:
while n? decays as 1/k? for large momenta
in the non-equilibrium stationary state,
the thermal distribution decays accord-
ing to a much faster Boltzmann law as
e~ (*/me)*  Same system parameters as in
Fig. 9.2: phonon mass M/m = 0.01 and

dissipation rate T'/mc* = 0.03.

comes large at high momenta, see Fig. 9.3.

To understand the physical implications of these results, we first consider the I' — 0
limit where dissipation tends to zero. Note that because of the presence of the pump
the system does not recover a standard thermodynamical equilibrium state in this limit,
but maintain a non-equilibrium character. More details on this crucial fact are given in
Sec. II. C. In this case, the effective phonon state is incoherent, since GZ7 = El,;ﬁt =0,
as in standard thermal equilibrium. The state is thus fully characterized by the finite
value of Eq. (9.32) of the mean phonon occupation number n?. Interestingly, even in the
[' — 0 limit, the stationary state of the system differs from a standard thermodynamical
equilibrium state, as it is manifest in the phonon occupation distribution not following
the Planck distribution. Nonetheless, as can be seen in Fig. 9.2, the state it is very
close to a thermal state at temperature kgTy = mc?/2 fixed by the interaction energy,
see Eq. (9.13). This is our first result: Because of the unusual presence of positive
frequency in S’ik, see Eq. (9.21), the phonon field is effectively heated up even when the
environment is in its vacuum state. In Fig. 9.2 and in subsequent figures, the wavevector
k is adimensionalized by making use of the healing length defined by £ = 1/2mc (since
h=1).
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From a physical point of view, it is important to note the conceptual difference of this
result with respect to the quantum depletion of the Bose condensate as predicted for the
ground state of equilibrium Bogoliubov theory [PS03|: the finite occupation number n?
refers here to phonon quasiparticle excitations, while standard quantum depletion refers
to the underlying particles (in our case, photons). Along the same lines, one should not
confuse the finite phonon occupation in the present driven-dissipative stationary state,
with the finite photon occupation in the ground state of a microcavity device in the
ultra-strong light-matter coupling, as discussed in [CBC05, CC06].

To better understand the physical meaning of the two different photon and phonon
descriptions of the same state, we shall apply the separability criterion in two distinct
ways, either to photon or to phonon operators: the results are not expected to coincide as
photon and phonon operators are related by Eq. (7.21) which is a U(1, 1) transformation
mixing creation and destruction operators.

From the phonon point of view, the stationary state of the system is manifestly
separable in the I' — 0 limit as phonons are fully incoherent, EZSt = 0. On the contrary,
the same state is nonseparable from the photon point of view since

[ci” = ni(ni +1/2), (9-38)

violates the separability bound Eq. (2.31). Note that this result is not peculiar to the
driven-dissipative case, but is also found in the ground state of equilibrium Bogoliubov
theory. It has a straightforward physical interpretation if one reminds that the finite-
k photons originate from a parametric scattering process where two pump photons at
k, = 0 scatter into the £k states.

Even though the state is nonseparable only from the photon point of view, we can
explicitly verify that the entropy of the state agrees in the two points of view, as it is
expected from the invariance of entropy under U(1, 1) transformations. This is straight-
forwardly done knowing that the entropy is equal to

S =2[(n+1)log(n+ 1) — nlogn], (9.39)
in terms of 7 defined by (7 + 1/2)? = (n + 1/2)? — |c?| |CP05a].

3. Weak dissipation

Having understood the state properties in the limit I' — 0, we now turn to the case
of small but finite dissipative rates, I' < wy. The main change is that the correlation
function Eq. (9.31) is now G%” # 0. While its ¢t — ' time dependence correctly expresses
stationarity of the state, it dramatically differs from the usual @i (¢ + t') one describing
correlations of real phonon pairs at wavevectors £k [CBFR10]. This means that G5* # 0
cannot be straightforwardly interpreted as describing real pairs of phonons with oppo-
site momenta. Still, because of the quantum fluctuations associated to the dissipation
processes, there are non-trivial correlations G5” # 0 between phonon modes of opposite
wavevectors k. This is a second main result of this chapter.

The presence of a non-zero correlation ¢ i # 0 in the stationary state has important
consequences when one attempts to measure the occupation number n%st via a mea-
surement of g, and thus of R[G]. To be specific, let us consider an experiment where
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R[G(t,t', k)] is measured for various values of the interval 7 = ¢’ —¢. Provided 7 is short
enough, I't < 1, one gets

R[Ge(t,t + 7, k)] ~ n%st cos(wyT) + %(Ei}ste_’w“). (9.40)

For very small dissipation rates I' — 0, correlations are negligible: as a result, the l.h.s.
divided by cos(@wy7) directly provides information on the mean number of particles nzvst.
When proceeding in the same way in the presence of a significant dissipation, the same
procedure gives

ﬁz,st = nz,st + 9%(éz,st) + %(62,50 tan(wk’T)? (941)

which shows periodic deviations in 7 around an average value nzﬁt + §R<EZ,S‘5>; note that
this average still differs from nZ’St by a systematic error proportional to El,;,st, see Fig. 9.3.

C. Fluctuation dissipation relation

We saw in Sec. II. B that the stationary state of phonons when the photon fluid is in its
steady state in contact with the environment is not thermal. This might appear at a first
glance as quite surprising since under very general conditions, systems weakly interacting
with a large stationary reservoir reach a thermal equilibrium state as it is guaranteed
by fluctuation-dissipation (FD) relations |[LL96, Ang92|. In this section, we shall see the
violation of the FD relation stems from the fact that our system is externally driven by
the coherent laser pump with a finite frequency w,,.

To show that this violation is not due to some approximation, we use the exact
Heisenberg equation of motion without performing the Markov approximation we used
in Sec. II. A. From Egs. (9.5) and (9.8), in the place of Eq. (9.12), the exact equation for
linear perturbations is

Sk(t)

%0

—i (e - ) (Gule) - dnlt)).

i(0; + D) (t) = Quone(t) +mc2ot () +
(9.42)

Using Eq. (9.17) to express Sx in terms of the destruction operators é(k,¢) of the envi-
ronment, and working in Fourier transform to exploit the stationarity of the situation,
the equation takes the form 2

~

Ouw)dg + 0u(w) (973) = / ACge8(w + wp — we)e(k, €. (9.43)

Using the complex conjugated equation for —w, —k to eliminate (¢_})T, we get

01(w)0f(—w) = O2(w)O05(—w) | ¢k = [ dCgc( 6w +w, — w)O; (~w)élk, )
( Jai [l

+ 6(w — wp + we) Oz (w)é(—k, C)T)
(9.44)

2. For Eq. (9.42), O1(w) = w 4 il + iD(w, + w) — iD(w,) — Q and Oy(w) = —mc?
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Making the Bogoliubov transformation of Eq. (7.21) to get the equation for the phonon
field ¢y simply amounts to replace in the above equation O; by u;O; — v;Os—;, for
i € {1,2}. Hence, the same type of expression applies to ¢%, or, more generally, to any
linear superposition (even w dependent) of ¢% and (=)

We now remind the reader that the FD relation trivially applies at the level of the
operators of the environment. Namely, when working in a thermal state, one has

({2, ¢), ek, Q)T}) _ coth
[e(k, €), é(k, Q)] 2
as can be immediately verified by computing the commutator and the expectation value
of the anti-commutator of é(k, () and é(k’, {')T.

When the pump frequency w, = 0, the situation is simple: Because of the Dirac §
function in Eq. (9.44), and because the energy of the environment modes w, is positive

for all ¢, for w > 0, gz@”lj is only driven by the destruction operator ¢(k, () with we = w.
Then, using Eq. (9.45), a direct evaluation gives

<{ Auliv (éoli)T}> _coth %“’ (9.46)

- )

[ (G01] 2

irrespectively of the values of O;(w) and Os(w). This is the standard FD relation.

When w, # 0, to get a concise expression, as in Ref. [CL81], it is useful to introduce
the effective density of states .J(w) through d(g? = dwc.J(w¢). A direct evaluation then
gives

({9%.811)
6, O]
_ 101(—w)|? J(w, 4+ w) coth B(w, + w) /2 — |Ox(w)|* J(w, — w) coth B(w, — w)/2‘
2 (|01(=w)|* T (wp + w) = [02(w)[* I (wp — w))

(9.45)

(9.47)

We see that a FD relation is recovered only if Os(w)J(w, —w) = 0. In such a case, the
argument in the coth in the right hand side of Eq. (9.47) is displaced as if there were a
chemical potential © = —w,,.

For a general environment, all frequencies w, are positive and cover the whole w > 0
region, so J(w) vanishes only for w < 0. As a result, the Oy(w).J(w, —w) = 0 condition
requires either working at very high frequencies w > w, outside the region of interest for
quantum hydrodynamics, or having Oy(w) = 0, that is a vanishing interaction between
photons.

III. Phonon pair production by a sudden modulation

In the previous section, we studied the quantum fluctuations in a stationary state under
a monochromatic continuous wave pump. In this section we shall extend the discussion
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to the case when a sudden change is imposed on the system and pairs of phonons are
expected to be generated at the time of the fast modulation via processes that are closely
analogous to the cosmological pair creation effect in the early universe (see Chap. 5 and
Refs. [FF'04,CP04]) and to the dynamical Casimir effect (see Chap. 8 and Refs. [CBFR10,
JPBT12]).

A. The modified state

To facilitate analytical calculations, we will restrict our attention here to a very ideal-
ized model inspired by Ref. [CFR 08|, where the spatially homogeneous and stationary
condensate wave function of amplitude &, remains an exact solution of Eq. (9.9) at all
times. As compared to atomic gases, this requirement is a bit more subtle in the present
non-equilibrium case as the photon density is related to the pump intensity by the more
complicate state equation (9.11). A possible strategy to fulfill this condition might con-
sist of assuming that I', m, the pump amplitude Fj and its frequency w, remain constant
while g and Ej, suddenly change at ¢t = 0 keeping Ey(t) + g(¢)®; constant.® While we
agree that such modulations are quite unrealistic in state-of-the art experiments, still
the predicted phonon pair production process appears to be conceptually identical to
the one taking place in the more realistic but more complex configurations where the
condensate wavefunction is itself varying as in, e.g., Ref. [KW14].

As a result of the modulation, the phonon frequency @y (t) of Eq. (9.15) experiences
a sudden change (the subscript in/f refers to its value at times ¢ = 0)

Wi(t) = wr,in + 0(8) (We g — Whyin), (9.48)

that directly reflects onto the Bogoliubov operators: while the photon operator é in
Eq. (9.12) is continuous at ¢ = 0, the phononic ones ¢ defined in Eq. (7.21) experience
the following sudden jump, see Eq. (8.37) and Ref. [CBFR10)]

Gt =0") = apdu(t = 07) + Bl (t = 07),

wr + Win

2/Wrwin (9.49)
Wt — Win

2,/Wiwin |
2

where the second equality of the last two lines follow from the constancy of €2 — mc®.

Hence, for positive times ¢ and with, we have ${°(t) given by Eq. (9.23) with ¢, = 0T,
b = ¢r(t = 0%), and @{r(¢) given by Eq. (9.24). Using the fact that the source term S
has a white noise profile, at all times ¢ > 0 one has

A = Uk tUk,in — Vk,fUkjin =

Br = Vg tUkin — Uk, tVUkjin =

(A ?%) = (B (@) = 0. (9-50)

3. In this case, the change is specified by one parameter. Two-parameter changes can be considered
by changing both I" and Fj while keeping their ratio constant. This can still be generalized by changing
both w, and E, while keeping w, — Ey constant. In all cases, the gluing of the background across the
jump is easily done.
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For t,t > 0, after the jump, the two-point correlation functions defined in Eq. (9.27)

then have the form
G%%§<t7 t/, k) = (nz fe_rlt_t/‘ + 6nbe—r‘(t+t’)> eiwk7f(t_t,) (9 51)
Ghes(t, k) = & e THiwnlt=t] o b o= (Triwn i+t

Four independent and constant quantities are identified in Eq. (9.51) through the
time dependence of their associated exponential factor, namely

Mt = Vi (9.52a)
b U £ Uk 1

= r . 9.52b

Ot I'+ iwkf ( )

ony, = <90k fSOkf> - nZ,f, (9.52¢)

& = (PwsPrs) — Cr- (9.52d)

The first two quantities, n,’;f and Ekvf, give the final values once the stationary state
is again reached for the new parameters after the jump: They have the same physical
interpretation as n} y and & defined in Eq. (9.32) and discussed at length in the
previous section. Instead, dn’ and ¢} govern the time dependence of the correlation
functions in response to the jump in the parameters. They involve two traces taken at a

time ¢ = 07 which are, see Eq. (9.49)

(pltrer) = (03 + 52) nlin + 57 + 20050 ()
<¢7—k,f¢k,f> - akck in T Bk( Ck 1n) + Oékﬂk (2”2@ + 1) )

and & ;, are given by Egs. (9.52a) and (9.52b) with f subscript replaced by in.

(9.53)

b
k,in

These are the initial stationary values as predicted by Eq. (9.32). More speciﬁcally, on is
involved in the only decaying term in Eq. (9.51) which oscillates e™*f(t=*): physically, its
equal-time value dn?(t) = dnle 2" describes the number of extra photons with respect
to nzvf that are generated by the jump and still present at time ¢. c? is instead involved in
the only term which is rotating as e~k (+¥); its equal-time value cb(t) = che™ 2 +iwrn)t
gives the instantaneous correlation between these extra phonons: as it is illustrated
in Fig. 9.4, these non-trivial correlations can produce nonseparability at the level of
phonons. Studies of this physics for lossless systems were reported in [CP05a, CP06,
CP08a, BFFW13,FC13|.

For completeness, it is useful to give explicit expression of the corresponding quan-
tities in the photon (rather than phonon) point of view. Using again the Bogoliubov
transformation Eq. (7.21), one gets

ng(t) = nit+e 2 {(uj g + Vi )0ng — 2up v Rlcpe >R } (9.54a)

6, T[22yt 2icoy ¢t b
cu(t) = i e 2 {ug e 2R 4 0f e Rt — Quy pug L Ony ) (9.54b)

where n

As expected, the Bogoliubov transformation is responsible for temporal oscillations in
these photonic quantities in response to the jump: as compared to the atomic case see
Ref. |CBFR10], oscillations are now damped at the loss rate I' and tend to their static

values nji" and cf' for the final parameters after the jump.



160 CHAPTER 9. DISSIPATIVE CONDENSATES
B. The observables

This last section is devoted to a discussion of possible strategies aiming to extract the
four quantities (i.e., six real quantities) of Eq. (9.52) from accurate measurements of
the coherence functions of the cavity photon field. Two of them n} ., ¢}, characterize
the final stationary state, while on?, c? characterize the decaying properties of the state.
Knowledge of the following four real quantities, |}, dn}, n} ; and |G, (| allows to assess
the nonseparability of the phonon state.

1.  The anticommutator G,

As a first example, we consider the equal time combination analogous to Eq. (9.29),
R[Gpcg(t, t, k)] = nzyf + onbe M 1 %[cZeﬂFHwkf)t + Ezf] (9.55)

For underdamped phonon modes such that wys > T', this quantity oscillates between
maxima and minima given by nf ; +dn(t) + R[ch ] £ |ch(t)|: the function c}(t) = che "
can thus be extracted from the amplitude of oscillations. The mid-point of the oscillations
provides instead information on n}(t) = n} + R(c¢) + dnfe ", This quantity can
be taken as a operative definition of the mean occupation number. If one wishes to
extract the dn}(t) = dnle " contribution from the correlation correction, one has just
to measure R[Gpcg(t,t)] for different times ¢: since it is the only term that possess this
time dependence, dn}(t) is therefore well defined. Hence, the only quantity affected by
Eﬁi is nzvf.

Figure 9.4: Nonseparability of the phonon
state after a sudden jump. The oscillating
solid blue line shows the equal time func-

0350 ™ | | 7 tion R[Gpcr(t,t, k)] defined in Eq. (9.55)
2'225 ST N | for a time ¢t = 3/mc}, as a function of the
020k . /\\ 1 (normalized) phonon momentum &,k. Non-

0 0'155 \ / | 1 separable phonon states are found wherever
© ook \\ | f\\ ﬁ i the lower envelope (dashed line), indicating
oost \\ / '\ A J'A\\ir”\“ﬁ*p* e GggE(t,t,k) — |GP%s(t, t, k)|, goes below 0.

£ IR N [\ \ \ . . . . .

0.00" — i,\,;‘v’: v ‘k’ T j \ V/ -1 In the present case, the intrinsic impreci-
_0'0580 Y lé \‘15V g sion +|c¢| (dotted lines) does not signif-
kéin icantly affect the identification of nonsep-

arable states. System and jump parame-
ters: Mi,/m = 0.01, ¢}/c2, = 2, and T =
0.03mc2,.

In terms of R[Gpcr(t,t, k)|, the nonseparability condition of Eq. (2.31) applied to
phonon states, |cb(t)| > nj(t), is simply reexpressed as R[Gpcg(t,t, k)] < 0 up to er-
ror terms of order O[¢} ¢]. The simplicity of this condition arises from the fact that
Gpcg(t, t,k) is the expectation value of normal ordered products of phonon operators
l;k, l;T_k of Eq. (9.23). The condition and its intrinsic imprecision are visually represented
in Fig. 9.4 by the two dotted lines.
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Figure 9.5: Time-evolution in Fourier-
space of the second-order coherence of the
photon field. The solid blue line shows
the equal time goy(t,t') at ¢ = t' for a
given k&, = 0.75. In this case, the ini-
tial and final values of the phonon occu-
pation are respectively nf, , ~ 0.06 and
ng, ~ 0.14. As in Fig. 8.7, an exponen-
tial convergence towards the final value
is apparent. The horizontal green line
represents the phononseparability thresh-
old: Nonseparability is found as long as
the lower envelope of the oscillating solid
line stays below the horizontal line, whose
thickness shows the intrinsic imprecision
+ |ézjf’ of the mean occupation number.
Same system and jump parameters as in
Fig. 9.4.
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Figure 9.6: Fourier-space second-order

coherence of the photon field. The two
oscillating curves represent the equal time
g2x(t,t) as a function of normalized mo-
mentum k&, at a time t = 3/mc? after a
jump characterized by c?/c2, = 2 for the
upper (blue solid) curve, and ¢ /cZ = 1/2
for the lower (purple dashed) one. The
two green dotted curves give the separa-
bility thresholds of these two cases: non-
separability is found whenever the lower
envelope (not represented here) of an os-
cillating solid line goes below the corre-
sponding dotted curve. The middle yel-
low dot-dashed curve is the (common)
value of gox before the sudden change.
Same system parameters as in Fig. 9.4.

In practice, optical measurements typically involve coherence function of a field. In
our case, the second-order coherence g, is most important as it is the simplest to analyze.
Inserting the expectation values of Eq. (9.51) into Eq. (9.28), we immediately identify
the stationary and the decaying contributions

gox(t, 1) = el (£,8) + T g (8, 1), (9.56)

The time dependence of ggf and gGleC is of the form
g2 k( ) Al COS [wkf ’t — t | + 91} (957&)
gg’eﬁ(t, ") = Ay cos |wye(t — )] + Az cos [wre(t + ') + 03], (9.57b)
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where the three constants are

Ale—291 — Q(Uk; _ Uk) |:nk‘f + d;,f} 2Uk(uk - Uk)?
Ay = 2(ug — vp,)0ny, (5:58)
Aze ™ = 2(uy — vg)c)

From measurements of g x(¢,t’) at different times ¢,#', we can thus extract 5 real quan-
tities (out of the 6 physical ones), namely R[c}], S(c}], 0n, 3¢, ¢ and n} + R[e, . To
disentangle n} ; from R[], another observable, such as the k component of the g
function, is needed.

In Fig. 9.5 we represent the equal time g, x as a function of ¢, for a given wave number
k&n = 0.75 and the same parameters of the previous figures: for these values, the initial
value oscillates with amplitude A3 = 0.26 around the mean value A; cos(6;)+ A = —0.45.
Its final value is A; cos(f;) = —0.4. The threshold value of nonseparability is reached
when the minimum of the g, crosses —0.53+0.005. Neglecting for simplicity the intrinsic
imprecision due to j:\éz’d, as in Chap. 8, losses make nonseparability to disappear within
a time of the order

toss = log ((|ch| — onw) /mg) /20 < 1/4ngT, (9.59)

where the last inequality follows from Eq. (2.30) and applies when 2n;¢ > 1. In the
present case, oI >~ 0.16.

In Fig. 9.6, we represent the k dependence of the equal time g, function, at a time
t = 3/mc?, in two different cases: when ¢?/c2 = 2 as in the former figure, but also when
c2/c = 1/2, i.e., when the final sound speed is divided by /2 rather than multiplied
by v/2. In both cases, we use the same system parameters as in the former Figure. We
observe two oscillating functions, the minima of the upper one close to the maxima of
the lower one. Their common value is g%‘jk evaluated before the jump, see Fig. 8.6 for
more details. It is represented by a dotted line. From the two envelopes of each curve,
we can measure the width on the oscillations Aze™2*, which gives the k dependence of
the strength of the correlations, and the average value A; cos(6;) + Ay. The two dashed
curves in Fig. 9.6 are the corresponding thresholds of nonseparability. In both cases,
there is a large domain of £ where the state is nonseparable.

To complete the study of the g, we represent in Fig. 9.7 its spatial dependence on
x — x' after integration over k. For the sake of simplicity, we restrict the study of g,
to a one-dimensional geometry where photons are strongly confined also along the y
direction. None of the qualitative features is however expected to be modified when
going to higher dimensions. In addition to the negative peak at x = x’ due to the
repulsive interparticle interactions, we see a propagating correlation pattern which is
governed by the group velocity vy, = Op@), where @y, is given in Eq. (9.15). As in the
case of equilibrium condensates, see Fig. 8.8 and Ref. [CBFR10], the fast oscillations at
large separations are due to the superluminal form of the dispersion relation Eq. (9.15)
in the high momentum region. Low momenta modes k?/2m < Mc?* propagate with a
smaller velocity because of the small but finite phonon mass and are responsible for the
long-wavelength oscillations that are visible at small x — x’. It is worth observing that
dissipation introduces an extra dissipative length scale L; = ¢/I" in addition to the usual
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Figure 9.7: We plot the equal time function
g2(t,t,x — x') as a function of the (normal-
ized) spatial distance x — x’ at t = 12/mc?,

002l (purple dashed), and 18/mc? (blue solid).
' ‘ In addition to the negative peak at x = 2’
S 000 —— due to repulsive interactions, the phonon

£ | . . . .
S pairs generated at the jump are visible in
-0.02} IR the series of moving fringes with spatially
- [ decreasing spatial period. Given the small
L ‘ ‘ ‘ ‘ 4 value of T'/mcZ = 0.03, dissipative effects

0 20 40 60 80 100

have a minor effect on the profiles shown
here. Separability features are hard to as-
certain from this figure. Same system and
jump parameters as in Fig. 9.4.

(X=X) / &5

healing length £ = 1/mc: for the parameters of the figures, we have L;/& ~ 40, which
means that dissipation affects the profiles of g only at large distances.

3. The g1

For the sake of completeness, we conclude the section with a study of the first-order
coherence function g, as defined in Eq. (7.43). It describes the photon momentum
distribution (for ¢ = ') and the photon coherence in momentum space (for generic
t #t'). Using Eq. (7.21), this quantity is given for k # 0 by

() = u2GF (L, 1K) + 022G (1 k) — 2uueR [GF2(E, 1 K)]
+ Uzefl“|t7t’|efid;k(t7t’).

(9.60)

When considering the state after a sudden change, the g; splits analogously g, in
Eq. (9.56) into its stationary and its decaying parts,

guk(t,t) =e T gst (t,¢) + e gilse (2, ¢'). (9.61)

Using Eq. (9.51), the two components define 4 independent quantities

g (t,1) = R[Bre e+ 1] 4By sin [wy 4 (t — )], (9.62a)
g5 (1) = Bafusd , 0} ) cos i+ (t — )] + R{Bae ] — iBysin [y (£ — 1)].
(9.62b)
given by

2 b 2 (b b
By =y ny e+ v (g + 1) = 2up v .G g,
_ b 2
By =ng ¢ — v 4,
b
B3 - 5nk,

b
B4 = —2Uk7+vk7+ck.

(9.63)
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10— \4 = Figure 9.8: Momentum distribution of the
0_85 v | cavity photons. The equal-time gy x(¢,t) is

[ ‘ plotted in momentum space at t = 3/mc2,

06} \ (solid blue line). Dashed purple lines in-
S \ dicate its lower and upper envelopes. The
04r AT 1 phonon state is nonseparable whenever the
0.2k A 1 lower envelope goes below the dotted green
N~ | line indicating the separability condition
000 o5 10 15 20 Eq. (9.64). Same system and jump parame-

K &n ters as in Fig. 9.4

These encode the 6 independent real quantities which characterize the correlation func-
tions of Eq. (9.51). Hence, unlike the gsx, the g fully characterizes the bipartite state
k, —k.

In Fig. 9.8, we represent the equal time gy (¢, ), for tmc?, = 3 and for the same pa-
rameters as in the previous figures. Contrary to what was found for g, , the separability
threshold of Eq. (2.31) (n} = |c}|) does not simply enter in g;x. In fact, to extract it,
we need both the upper and lower envelopes of gk (¢, 1), called respectively Uy(t) and
Ly (t). Violation of the inequality

(uk, — vk, )*Us(t) + 2UI%,Jr

9.64
(ug,+ + vk 4)? ( )

Li(t) >
implies that the phonon state is nonseparable, i.e., nb(t) < |ci(t)|. In the figure, the
ratio of Eq. (9.64) is represented by a dotted green line. We again see the large domain
of k where the phonon state is nonseparable, namely k&, > 0.6.

C. Time evolution of separability criterion

We now show that the nonseparability criterion of Eq. (2.31) based on the phonon
K operators is equivalent to the violation of a Cauchy-Schwartz (CS) inequality for
phonon operators. We consider the modified equal-time second-order correlation which
is obtained from the standard photonic one go(t,t") by

g (t. ) = goxc(t,t) + 2vp (uy, — vp) R[Gxc(2), PL(E)]

, (9.65)
= 2 (uy, — )2 RIG(t, ¢, K)).

The subtraction of the contribution of the commutator in this expression is equivalent to
taking the normal ordering with respect to the phonon operators by of Eq. (9.23), hence
the b superscript in the above notation. In terms of this quantity, the CS inequality
reads

Foact: ) gaa (') — 193 (t, )] _

k— Uk

(9.66)

No violation of Eq. (9.66) can occur in classical statistical physics. In the absence of
dissipation, the phonon mean occupation number n} and correlation term ¢} are both
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well defined, and constant before and after a sudden jump. Using these two quantities,
one obtains

Di(t,t) = [(@)2 - |c’,;|2] sin?[@y(t — ). (9.67)

Hence, the CS inequality is violated if and only if the state is nonseparable (when
sin[wg(t — t')] # 0).

In the presence of dissipation, as discussed in Sec. II. B. 3 and in Chap. 8, Sec. III. B,
the coupling of the phonon field ¢ to an environment introduces intrinsic ambiguities
in the definition of nonseparability. Nevertheless decomposition of ¢ at any time ¢ over
instantaneous destruction and creation operators bk,IA) .. allows to show that for I'(t —
t') < 1, the above relation between the sign of Dy (¢,t') and the nonseparability criterion
based on these operators remains valid to leading order in I'/wy. Accepting this inherent
uncertainty of order I'/wy, < 1, one can then follow how nonseparability is progressively
lost as time goes on. This physics is illustrated in fig 9.9: the quantity in Eq. (9.66)
displays three different behaviors depending on t¢,t" compared to the characteristic time
tloss of Eq. (959)

1. For (t,t') > tss, n0 violation is observed, because the state is separable, as ex-
pected.

2. For t < tss < t', Eq. (9.66) can only be violated for ¢ such that g5, (¢,t) < 0,
because g5, (t,t) > 0. Along a constant-t' cut, the reader will recognize the
behavior already seen in Fig. 9.5.

3. For t,t' < tjoss and T'/w? < |t —t'| < 1/wi, Eq. (9.66) is violated. This is the most
robust regime for nonseparability.

Note that besides the transition from point 2 to point 3, there is always a narrow band
|t — '] < T'/w? where the inequality is never violated with a positiveness of order T'/wy,.
As a result, a two-time measurement of ggyk(t # ') is required to identify nonseparable
states.

We conclude this section with a short discussion of the standard momentum-space CS
inequality for photon ay operators, see [ANSZ14] or [KJD*12] for its atomic counterpart.
The momentum-space second-order photon coherence? is defined as

Go(k, k') = <aLaL,akak/> : (9.68)
The explicit form of the CS inequality is:
[g2(k7 k/)]2 S gQ(k7 k)g2 (k/7 kl)? (969)

Physically, this quantity describes the correlations between the fluctuations of the photon
occupation numbers in the modes k and k’. Thanks to the Gaussian nature of the state,

4. Note that this quantity should not be confused with gs k(¢,¢) defined in Eq. (9.28) as the Fourier
transform of the real-space gs(x,t,x’,t).
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Figure 9.9: Plot of the Cauchy-Schwarz
criterion Eq. (9.66) as a function of ¢, ¢’ for
k = 1.bmc;,. Dark blue regions indicate
values below —10~* that significantly vio-
late the inequality. White regions indicate
values larger than 107*. Light blue re-
gions indicate values close to 0. Same sys-
tem and jump parameters as in Fig. 9.4.

we can apply Wick theorem and expand this expression in terms of quadratic operators.
For homogeneous states, we get

gg(k, k/) = 5k+k’ |CZ|2 + 5k_k: (TZZ)2 + nZni,. (970)

For k' = —k, the CS condition Eq. (9.69) is then equivalent to the separability condition
Eq. (2.31) applied to photon operators.

Conclusions

In this chapter, we studied the quantum fluctuations in coherently pumped and spatially
homogeneous photon fluids in planar microcavities. Our attention was focused on the
simplest case of a quasi-resonant coherent pump at normal incidence on the microcavity,
where the photon fluid is at rest and the effective mass of phonon excitations on top of
the photon fluid is very small.

When the pump is monochromatic and stationary, the system reaches a stationary
state: most remarkably, even if the environment is in its vacuum state, the stationary
state of the photon gas is not a vacuum state, but contains a finite occupation of (almost)
incoherent phonons. Even though the phonon distribution qualitatively resembles a
Planck law at an effective temperature of the order of the interaction energy in the fluid,
the non-equilibrium nature of the system leads to quantitatively significant deviations
and to violations of the standard fluctuation-dissipation relations.

When the system parameters are suddenly modulated in time, entangled pairs of
extra phonons are created in the fluid via processes that are the analog of cosmological
pair production or the dynamical Casimir effect. Due to the dissipation, these phonons
eventually decay while the system relaxes to a new stationary state. Accurate information
on the properties of these extra phonons can be obtained from measurements of the time-
dependence of the first- and second-order coherence functions of the cavity photons,
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which can be used to assess the quantum nonseparability of the phonon state after the
jump.
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Separability of analogue black hole radiation

Introduction

Apart from dynamical Casimir effect, the second main prediction of analogue gravity
is the analogue Hawking radiation. However, as in the previous chapters, there is a
competition between the spontaneous quanta emission from vacuum and initially present
thermal fluctuations. The challenge is then to identify separable states.

In this chapter, we use a phenomenological description of the analogue Hawking
radiation to characterize the separability of the outgoing fluxes. This allows us to consider
a very wide class of situations. We first identify the relevant parameters governing the
separability of the state. Then, using a superluminal dispersion relation, we identify
in which regimes the final state is separable. As a final step, we quickly study the
subluminal case and the separability of the flux emitted by a white hole. This chapter
is mainly based on |[BP14].
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I. The system

We consider here a generic stationary system presenting a black hole profile and disper-
sion but no dissipation. It can either be the astrophysical black hole of Eq. (6.2) with
the field of Eq. (4.4), or an analogue black hole in BEC, with perturbations governed by
Eq. (7.16). To fix notations and ideas, we shall suppose that the dispersion relation does
not depend on space and reads

/{Z2

=) (10.1)

F?(k) = kK*(1 +
The subluminal case will be briefly studied in Sec. ITI. A. The only non trivial dynamics
is then encoded in the velocity of the flow, v(z), where v is either the velocity of the
condensate, or the parameter in the metric.

Because the flow is stationary, the solution of the mode equation splits into w sectors:
b (x) = [ dt/v/2me™ d(t, x) which can be studied separately [BMPS95a]. When the flow
is asymptotlcally uniform on both sides, the incoming modes ¢™*, with a single branch
with group velocity pointing toward the horizon, are well defined and asymptotically
superpositions of plane waves. (The index a refers to the dimensionality of the set of
solutions at fixed |w|.) The same apply to the outgoing modes ¢°"*, with the group
velocity pointing now away from the horizon. More details about this identification and
the dimensionality of the set of modes can be found in Refs. [MP09a, MP0O9b].

In brief, because of superluminal dispersion, there is a threshold value wy,.x above
which there is no pair creation. For 0 < w < wpay, there are three independent modes.
They are called ™", ¢™V, (¢™")* for the in modes (and similarly for the out ones).
The first two have positive norm and describe respectively counter- and copropagating
quasiparticles, see Fig. 6.1. The third one, (qﬁl_n ,)*, has a negative norm, and describes
the incoming negative frequency partner trapped in the supersonic region. These three
modes are scattered in the near horizon region. As a result, the outgoing modes are
nontrivially related to the incident ones. The S-matrix relating the (normalized) in
modes to the out ones is thus an element of U(1,2). Following Ref. [MP09a|, we name
its coefficients

ag Q) 6:: Ay ag™ '
a* )t | =| B o, B. aht | . (10.2)
ag A, By o as

To avoid ponderous notation, only the superscript “in” will be written. The superscript
“out” is thus implied. The three independent pairs of destruction and creation opera-
tors associated with the three in (or three out) modes obey the canonical commutation
relations.

When p, the state of the quantum field, is stationary and Gaussian, it factorizes into
three-mode sectors of fixed |w|. In this chapter we shall only consider such states. Then
because the S-matrix of Eq. (10.2) only mixes modes with the same |w], the factorization
equally applies to the description of p in terms of in, or out quasiparticle content. We
shall study the latter since we aim to identify the cases where the state after the scattering
is nonseparable.
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For w > 0 and at late time, each three-mode state is fully characterized by six numbers

n:l:w <(a:|:w CL:I:w> nZ}u - <(d2}u)wa>7
uu/v _ <au Au/v>’ dzv — <(du)1'dv> )

UJUJ w w

(10.3)

The interpretation of the three (real and positive) final occupation numbers n? is straight-
forward and standard. The two ¢, are complex, and their norms quantify the strength
of the statistical correlations between outgoing quasiparticles of opposite energy, namely
between the uu pairs of counterpropagating out modes (¢°"**, °"), and the uv pairs
(¢2utv, ¢™"™). They generalize the c; term defined in Eq. (7.33). In the present case, we
thus have two differences, see Eq. (2.33)

w
A’U/U : u
w

\cu“| (10.4a)
— |2 (10.4b)

’LL
ww
’U
WUJ

We showed in Chap. 2 that if one of them is negative, the state is nonseparable. The
last coefficient of Eq. (10.3), d®’, characterizes the strength of the correlations between
u and v modes which have been elastically scattered. Thus, it results from the ana-
logue “greybody” factors. These correlations are never strong enough to violate classical
inequalities; see Chap. 2, Sec. II. C. Hence, they shall no longer be mentioned.

To be able to determine if the final state is nonseparable, it is necessary to know the
initial state and the coefficients of the S-matrix. Our aim is not so much to perform
the calculation in a particular realization; rather, we aim to characterize the domains
in parameter space where the state is nonseparable. To this end, we need to identify
the independent parameters which span this space, and to adopt a phenomenological
description of their behaviors.

As a first step, we assume that the initial state is incoherent. It is thus characterized
by the three initial occupations numbers n'™" n'™v n™" since the three correlation terms
initially vanish. Physically, this is a very legitimate assumption, as it means that the
three modes are not correlated prior to being scattered. In this case, using Eq. (10.2),
Eq. (10.3) gives

ng = low [ n™ + [Bu]* (00 + 1) + | A ™,

g€e

u,in
—w

2 .
u,in
w nw Y

nt, =la_u[* "y + |B_uf* (n “m+1)+\B * (n™ + 1),

10.5
Cuu _awﬁ ( ’LLlIl 1)—‘_()[_“)5 ( ull’l 1)+A B*( Uln_l_l)’ ( )

) 2
nd =|al|" no™ | (n

w *3 *3 2
uUv um ]' * UIH 1 * ’Ull’l 1
c =A,B" L(nd +2)—|—oz_wB( +2)+aB( +§),

A =A,ain™" + BB (n" win 1) 4+ o AXn?m,

_ 2
When working in the in vacuum, n® = |3,|°, n?, = ’Bw) and n*, = |A_o|* + |Bu|
respectively give the mean number of the u quanta spontaneously emitted to the right
(the Hawking quanta), that of the v quanta emitted to the left, and that of their negative
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energy partners. When the initial state is not the vacuum, the terms weighted by n™®
2

give the induced contributions. One then sees that the norms \Aw|2 , ‘flw‘ respectively
quantify the greybody factors, i.e., the reflection of v quanta into u ones, and vice versa.
Notice that unlike what is found for 2 x 2 S-matrices, one has |8,|* # |f—u|*, | Bu|* #
_ 2 2
B,| ,and |A,|* # )Aw . Yet, as shown by numerical simulations [MP09a, MP09b]|, the
relative difference between 18u|? and |B_,|* is generally small. Instead the differences
A, — A, and B, — B, diverge in general when w — 0. We shall return to this important
point below. Notice finally that the coefficients |3_,|° and |B,|* considered separately

give the mean number of u and v quanta emitted by the corresponding white hole flow;
see Sec. III. B for more details.

A. Parametrization of the scattering

We now show that, for stationary incoherent states, only four independent parameters
of S enter Eq. (10.4). We shall work with the four squared norms |8,|%, |8-o|? |Au|”
and |B,|*.

The U(1,2) character of the S matrix imposes the relations from the normality of
lines and columns,

ol =1+ |Bu|* — A%,
|aw|2 =1+ |6w|2 - |Aw|27
la—o? =1+ |8l + | Bul,

10.

i 2 2 2 2 (106)
| = 18- = 18 + AP

_ 2
‘Bw = ‘B—W‘Z - |Bw|2 + |Bw|27

and from the orthogonality of the lines

AB ., —a_,B:+a’B: =0, (10.7a)
a,fr, —a_ B+ A,BL =0. (10.7b)

The number of real independent quantities is then reduced from eighteen (nine complex
numbers) to nine, which can be taken to be five phases and the above four norms. This
choice is convenient because the five phases drop out from Eq. (10.4).

In addition, Eqgs. (10.7) and the positivity of the r.h.s. of Egs. (10.6), imply some
inequality among the four norms.! These constraints are equivalent to

AL <1+ B, (10.8a)
Aot < B, < B (10.8b)

1. The origin of this fact is the following: Eqgs. (10.7) define two triangles in complex plane. Hence,
one length cannot be larger than the sum of the two others. In addition to the nine real parameters of
the S-matrix, one finds that there is an extra multiplicity two. It produces the symmetrical triangles
with respect to the real axis. This extra multiplicity has no influence in the sequel since the initial state
is incoherent.
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where

|ApBoa_y| £ a5,
1+ B,/

Bmin/max .
» =

(10.9)

In this expression, a_,, and o are implicit expressions of A, B,, and S_,. To implement
the right condition of Eq. (10.8b) and reduce the number of independent norms to three,
we impose

gl +1AuB 11— AP
1+ ’Bw|2 lag| — [AuBu|

(10.10)

=

The left condition of Eq. (10.8b) is then equivalent to |3,6_.| > |Au,Bu|* /4|al|. To
. .. . . 012
implement this inequality, we introduce |32|" by

BBl = |82 + |AuBu|? /4|02 . (10.11)

When A, and B, vanish, one has |3,|* = |3_.|> = |8°[°.
In conclusion, our parametrization of the relevant coefficients of the S matrix is based
on [A,|*,|B,|? and |8°. Egs. (10.10) and (10.11) then fix | S|

B. Parametrization of dispersive spectra

So far we worked at fixed w. To characterize the spectrum, we need to parametrize
the w-dependence of |A,[*,|B,|* and |8°|>. To this end, we consider the flow profile of
Eq. (6.6):

v(z) = —1 + D tanh (%) . (10.12)

The parameter D fixes the asymptotic values of v + 1 on either side. In the present
case they are equal and opposite. For more general asymmetric profiles we refer to
Refs. [FP12, Rob11]. The frequency k fixes the surface gravity, and determines the
temperature of the black hole radiation Ty = x/(27) in the Hawking regime, i.e., when
dispersive effects are negligible because A/k > 1. We work in units where ¢ = h = kg =
1. When leaving this regime, numerical and analytical studies [CPF12] have established
that D also matters. In particular, when the coupling to the counterpropagating mode
is small, i.e., if ]Aw\2 , |B’w\2 < 1, the spectrum of u quanta spontaneously emitted n! =
]62\2 remains remarkably Planckian, even though the effective temperature, hereafter
called Ty, is significantly modified. It is well approximated by [Rob12, FP12]

T T h (T, /T T ADY?

or = Iy tanh (T N . 10.13

hor = T tanh (Too/ Tit) 2+ D)V2-D (10-13)

The effective temperature Tj,, thus interpolates between the Hawking regime for low

Ty /T, and the dispersive regime where it asymptotes to Ty, for Ty /Ty > 1.
Numerical studies have also shown that |A,|* and |B,|* are not fully determined

by k,A,D. They depend on the exact properties of the wave equation, and on the




I. THE SYSTEM 173
background profiles. Yet, they are generally smaller than | 52]2, and remain finite for
w — 0. To implement these numerical observations, we shall work with
2.A2 |2 2B? 2 1

) | w = ‘BO‘ - )
ew/’Thor + 1 w ew/’Thor p— 1

2 JR—
|Aw’ o ew/Thor + ]_’

(10.14)
where the constants A% and B? fix the overall norm of the two couplings between the
counterpropagating mode with the Hawking mode and its partner.

It should be noticed that Eqs. (10.14) and (10.6) correctly imply that only A, B,
and «/, are regular in the limit w — 0, whereas the squared norms of the six other
coefficients diverge as 1/w. It can be shown that this interesting property follows from
the normalization in 1/4/w of the low momentum modes.

C. Initial state

To compute Eq. (10.5) we also need the initial mean occupation numbers n™?, where the

superscript a labels the three modes. As in Ref. [MP09a|, we assume that far from the
horizon the initial state is a thermal bath at some global temperature T}, in the frame
of the fluid. This means that the three n'™® are given by

1

nitt = — : 10.15
exp (" /Th) — 1 ( )

where Q" is the asymptotic value of the comoving frequency of the corresponding
asymptotic ¢n mode. Its value is given by

QA = o — pl k™2 (10.16)

as’w

where k™ is the corresponding wave vector, and where v2 is the asymptotic value of v
evaluated on the left or right side. In the present case, one has v, = —1 &+ D. The —
sign is associated to the v modes, and the + sign to the v mode, see Fig. 10.1.

In the low frequency limit, w/A < 1, the expressions of 2™* can be analytically
computed [MP09al. Using them, one obtains

u,in 1
n 7w ~ u 9
. 1 ’
noin ]
o exp(w/Ty) -1
The chemical potential of u-modes, i, and the redshifted temperatures are
p_ (1+D)(D(2+ D))>*?
AN 1+4D+2D2
g DPE+D) (10.18)
m UM 44D 4 2D

The leading quantity governing n'y™ is u1/T3. It scales as ADY/?/T},. When T}, < AD'/?,
the redshift is so important that the u-modes are effectively in their ground state, as in
relativistic settings.
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Figure 10.1: Dispersion relation in the frame of the fluid Q(k) (left). In blue is the U
branch with counter-propagating modes, in yellow the V branch with co-propagating
modes. In dash we represent the lines 2 = w — vk, with v = —1 4+ D for the subsonic
region (purple) and v = —1 — D for the supersonic region (green). Modes of frequency
w are situated at the intersection of the solid and dash curves. Negative norm modes
correspond to modes with negative frequency in the frame of the fluid €2 and are indicated
by the subscript —w. The in modes are differentiated from the out modes because they
have a group velocity directed towards the black hole in the frame of the lab. Parameters
are w = A/4 and D = 0.8. On the right, the space-time pattern of the same modes.
In blue the positive norm U mode, in green dot dashed is the negative norm trapped U
mode, in yellow dashed is the positive norm V' mode. Parameters are w = A/40, w = &
and D = 0.8.

D. Summary

Our parametrization of the final state, see Eq. (10.5), is based on six dimensionless
quantities, namely

w/Thor, D, Ak, A, B, and T,/ Thor- (10.19)

The first ratio is the frequency in the units of the effective temperature, which itself
depends on the surface gravity s, the dispersive wave-number A, and the height of
the velocity profile D, see Eq. (10.13). The parameters A and B respectively quantify
the greybody factors and the pair creation of uv pairs. The last ratio gives the initial
temperature in the units of the effective temperature.

Notice that these parameters are not independent, as Ti, depends on D. We have
adopted this set, precisely because the residual dependence on D at fixed Ti,, is very
weak. Hence, D can be effectively fixed. As we shall see below, the other five parameters
are all relevant. We believe they effectively provide a complete description of the system,
at least when the flow profile is smooth enough, i.e., v(x) is monotonic and characterized



II. DOMAINS OF NONSEPARABILITY 175

by a single length related to the surface gravity in the vicinity of the horizon. When
these conditions are not met, resonant effects [ZAPS11,dNSZ14| related to the black
hole laser effect [CP10,FP10,FP11] could play an important role and must be separately
described.

II. Domains of nonseparability

Using Eqs. (10.6) and (10.7), Eq. (10.4) can be expressed in terms of the three initial
occupation numbers. In agreement with Eq. (9) in Ref [ANSZ14], we obtain

u,in,_v,in 2 u,in vln 2 a,in 2 _w,in
7 7 w| N + [ B ng™ + |B-wl"n

—UJW

Auu |aw’ nu Hl u, in n

_|5w| ( _|_nv1n_|_nu1n+n’li,gl)’
Auv |A |2nu1n um‘i‘|ﬁw nuln v1n+|aw|2 Z:}n Z}um_'_‘B | u1n+|ﬂ_w|2ngin

(1 + oM 4 i oty
(10.20)

We notice that the above expressions are much more complicated than the corresponding
ones in homogeneous and isotropic situations. One here looses the neat separation of the
contributions of the spontaneous and the induced channels of Eq. (8.40).

We also notice that the maximum value of A** and A}’ is bounded by n" . Indeed
Heisenberg uncertainties guarantee; see Eq. (2.30)

el < nt (n” + 1), (10.21)

for both the uu and the uv channels. It is thus useful to introduce the relative quantities
of Eq. (2.32); see Ref. [CP08a|

Auu A’Uﬂ)
=S P e S (10.22)

which are both positive, irrespective of the state p.

In what follows, we study the domains of negativity of A" and A?’ by making use
of the parametrization of Sec. I. In a first time, we consider the dispersion relation of
Eq. (10.1). The sub-luminal case is briefly studied in Sec. III. A. To identify the domains
of nonseparability, we shall mainly use figures.

A. Nonseparability of uu pairs

1. The dependence in w

In Fig. 10.2, we study the w/The, dependence of A and §* in the low initial temperature
regime, for T}, = A/20. We consider three different values of the coefficients A, B of
Eq. (10.14), with a fixed ratio A/B = 4. At large frequency, w/Tho 2 2, the state
is nonseparable independently of the values of A and B. On the other hand, at low
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Figure 10.2: The quantities A" of Eq. (10.20) (left panel) and §** of Eq. (10.22) (right
panel) are represented as functions of w/T},, for a low initial temperature T3, = A/20, for
A =10k, D = 1/2, and for three values of A = 4B, namely B = 0.01 (solid blue), 0.02
(dashed purple), 0.1 (dotted yellow), and 0.25 (dot-dashed green). One clearly sees that
low frequency modes are separable, and that increasing A = 4B monotonously reduces
the domain of nonseparability.

frequency, the state is always separable, even though decreasing A and B clearly increases
the domain of nonseparability. The minimum value of A** is reached for w/Tjor ~ 1.
Instead, the minimum of 6** is reached for w — oco. In brief, for low initial temperatures,
the low frequency sector contains many pairs but they are separable, the high frequency
sector contains very few pairs which are highly nonseparable, and the intermediate regime
contains few of them which are barely nonseparable.
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Figure 10.3: We represent the same functions as in Fig. 10.2, for the same parameters,
but for a higher initial temperature 7j, = 2A. As expected, when compared to Fig. 10.2,
one observes a reduction of the nonseparability domains. As found at low tempera-
ture, increasing A = 4B still reduces the domain of nonseparability. However, the high
frequency sectors are now separable because T}% > 2T}, as discussed below Eq. (10.24).

In Fig. 10.3, we study the same functions for a much larger initial temperature:
T, = 2A. In this case, the induced effects are much more important than above. As
a result, the final state becomes separable even at large frequency. In fact, according
to the value of A and B, three different regimes show up. When A, B are low enough,
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there still exists a finite range in w where the state is nonseparable. When increasing
A, B, this domain disappears, but A" still possesses a local minimum. When further
increasing A and B, A" becomes a monotonically decreasing function of w. Hence, as
expected, increasing the initial temperature severely restricts the nonseparability of the
state, or even completely suppresses it.

It is of value to study analytically the asymptotic behaviors. The infrared behavior
is dominated by the values of A and B, as can be seen from

T orTU i u,in
AZU -~ h - in <nZ,1n + n®! + 1) (’7—|—B _ A,y_)Q’ (1023)
w—0 w

where 4 is the limit of \/w|B81e|* /Thor for w — 0. Eq. (10.23) diverges as w — 0 and

is positive defined. This implies the separability of the low frequency regime.? In the
large frequency regime p > w > Ti,, Thor, We obtain

e_Ql'L/T#I — e_w/Thor

1 — o ln—wl/T%

A ~ (10.24)

This is negative when w7 < 2uT}- Hence, since w < p, the UV sector is nonseparable
if 2Thor 2 T, With D = 1/2 and A = 10k, this limit corresponds to T3, ~ A/11,
independently of the values of A and B. In addition, we observed that changing D at
fixed Thor and T3 of Eq. (10.18) has basically no effect.

In brief, the state in the infrared sector is generically separable because of the diver-
gent contribution governed by the coefficients A and B. Instead, the separability in the
ultraviolet sector critically depends on T3 /T},.r. The intermediate regime is nonseparable
if A, B are low enough.

Having characterized how A" depends on w/Tye, we now study how it depends
on A, B, T, and Ti,. We shall establish that only two types of behaviors are found,
depending on the ratio Ty /T, see Eq. (10.13). In this we extend what was found in the
spectral analysis of Ref. [FP12|. When Ty /T, < 1/3, one lives in the Hawking regime,
with small dispersive effects. Instead, when T /T, 2 3, one finds the dispersive regime

~

where the surface gravity plays no significant role.

2. Hawking regime

We first work at the edge of the Hawking regime, with Ty /T, = 1/3. Reducing this
ratio, which means reducing «/A, does not affect the properties of Fig. 10.4. Hence what
follows applies to the entire Hawking regime.

To eliminate w, we consider the minimum value of A** for w < 5T},,. (It is pointless
to consider higher values since the pair production rates are exponentially suppressed
in that regime.) We shall consider two values of the minimum, namely min, A** = 0
and = —0.5. The first one gives the limit of nonseparability, whereas the second curve

2. There is a noticeable exception: when A = B, the leading divergence in 1/w? is absent. As
a result, the domain of nonseparability further extends at low frequency. This is the case studied
in Refs. [Unr95, BMPS95a, MP09b| where high frequency dispersion is added on the two-dimensional
massless scalar equation.
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Figure 10.4: The minimum value of A"

over w in the plane of log,, A\/A/k,
log,y B\/A/k, for D =1/2, A/k = 4, and
for three initial temperatures 571 /2u =
1/3 (Solid), 1 (Dashed) or 3 (Dotted).
The thick red line is min A”* = 0, and in-
dicates the limit of nonseparability. The
black line gives min A" = —0.5. It indi-

Figure 10.5: The value of w/T}, that
minimizes A" in the same plane as in
Fig. 10.4, for the same parameters, and
for the intermediate temperature 57} =
2. The lines of constant w/T} go by
steps of 1/2 from 1/2 (dark blue) to 4.5
(clear blue). The most relevant sector is
w/Thor S 1, see Eq. (10.14).

cates the domain where the nonseparabil-
ity is significant. We have Ty ~ T, /3,
so we work at the edge of the Hawking
regime. The dashed region represents the
forbidden region where |o> = 1+ |B|* —
|A]* < 0.

indicates the domain where the nonseparability is significant, and therefore more likely
to be observed in an experiment. In Fig. 10.4, both curves min, A¥* = 0 and = —0.5
are represented in the plane of log,,(A+/A/k) and log,,(B+/A/k), and for three different
initial temperatures, namely 573 /2u = 1/3, 1 or 3. After several tries, we have adopted

these axis and this parametrization of the initial temperature, because changing D and
A at fixed

g—i, A\/A/k, B\/A/K,

has no significant influence on the curves. This means that in the Hawking regime, the
minimal value of A,, only depends on these three composite scales. This is the first
important result of this chapter.

The other lesson from Fig. 10.4 is that A and B should be both smaller than ~
VT /6 x /k/A for the state to be significantly entangled, i.e., A" < —.5. When this

(10.25)
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condition is met, the state can be found entangled even when the initial temperature
T;, is significantly larger than the horizon temperature T.,. To give an example, when
Tin = A = 10T}, the state is nonseparable if A, B < 1/10. In addition, one also sees that
A ~ B enhances the nonseparability of the state. This is because the 1/w? divergence
of Eq. (10.23) is reduced when A ~ B.

To complete the information and also guide future experiments, in Fig. 10.5 we repre-
sent the value of w/T},, that minimizes A" for the same parameters as those of Fig. 10.4,
and for the middle temperature T\“/u = 2/5. Notice that a rough characterization of
the curves can be obtained by considering the asymptotic behaviors of Eqgs. (10.23)
and (10.24), and by minimizing their sum. The symmetry with respect to interchanging
A and B is then explained. In addition, when increasing the initial temperature 7T},, we
learn that one should increase the value of w/Th in order to minimize A**. Roughly
speaking, one gets (w/Thor)® ~ Tin/Thor-

3. The dispersive regime

We now proceed in the same way for the dispersive regime. We work at the edge of
this domain with T /T, = 3. We have verified that what follows applies in the whole
dispersive regime Ty /Ty > 3.

As for the Hawking regime, we extract the w dependence by taking the minimum of
Al over w, for w < wWpax, Where wy,x is the maximum value for which the negative norm
mode exists [MP09b]. Since we are in the dispersive regime, the approximate expression
of Eq. (10.17) is no longer valid, even though p and 7% of Eq. (10.18) are still well
defined. We thus use the exact expression of Eq. (10.15) in this section.

Asin Fig. 10.4, in Fig. 10.6 we draw the constant values min,, A** equal to 0 and —0.5,
to respectively get the nonseparability, and the significantly nonseparable, domains. In
the present case, the axes have been chosen to be log,,(A/v/D), log,o(B/vD), because,
when adopting them, we observed that changing D and A at fixed T}/ and {A, B} /v/D

has no significant effect. As a result, in the dispersive regime, the minimal value of A,

Figure 10.6: As in Fig. 10.4, we represent
the minimum value of A" for three ini-
tial temperatures 577 /2u = 1/3 (Solid), 1
(Dashed) or 3 (Dotted), and for D = 1/2.
Here, we work in the dispersive regime since
k/N = 10/4, and Ty/T ~ 3. As ex-
plained in the text, the two coordinates
now are log,, A/v/D and log,, B/v/D. The
black line represents min A»* = —0.5, and
the thick red line min A" = 0. Notice
the similarity of the present figure with
_2.0?7‘ e Fig. 10.4. It indicates that the crossover,

20 -15 -10 -05 around A/kD ~ 1, from the Hawking regime

logy,(A/VD) to the dispersive one is smooth.

1O
0.5/
0.0}

~05F

l0g,(B/VD)

-1.0}

~15}
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only depends on the following three composite scales:

L 4 B 10.26

20’ VD' VD (10-26)
This is the second important result of this chapter. Notice that these three ratios differ
from those of Eq. (10.25). We also notice that Fig. 10.6 is very similar to Fig. 10.4. This
means that the crossover, around A/kD ~ 1, from the Hawking regime to the dispersive
one is rather smooth.

As a result, when taken together, Figs. 10.4 and 10.6 offer a full characterization
of the nonseparability domains when the initial temperature belongs to the domain
0.1 < Tin/p < 1. The main conclusion of this section is that separability of the state
depends mainly on three quantities. The first one is the initial temperature in the
unit of the chemical potential . This was expected since this ratio governs the initial
distribution of u-quasiparticles. The other two are the A and B parameters encoding the
coupling with the third mode. To obtain domains with well-defined scaling properties,
these dimensionless parameters should be rescaled by /A/k in the Hawking regime and
by v/D in the dispersive one?.

B. Nonseparability of uv pairs

1. The dependence in w

Because the analysis is rather similar to that of the previous section, we only give the
main results. In Fig. 10.7, we first study ¥ as a function of w/T},, for three different
values of A, B. As was found Fig. 10.2, we observe that the low frequency sector is
always separable.

When increasing the initial temperature, as expected, the value of §"*’ increases and
the state becomes separable for all w. We then need to increase the pair creation rate
B? to get nonseparable states, see Fig. 10.8. We observe that the low frequency sector
remains as it was at low temperature. On the contrary, for high frequency, the state
is now separable. Yet, when B is large enough, there exists an intermediate regime
where the state remains nonseparable. In this regime, the nonseparability depends on a
competition between the coupling B and the initial temperature.

These observations can be verified analytically. First, the low frequency behavior is

T orTv i u,in
b ol (ng’m +n"l + 1) : (10.27)

A%~

w—0 (,u2

We obtain a behavior similar to that of wu pairs given in Eq. (10.23). However, in the
present case, A" remains positive even when A = B. Second, at large frequency, the

3. We point here that the quartic superluminal dispersion relation has only been used in Egs. (10.13)
and (10.17). From this we can deduce that the above results should hardly be modified had we used
another type of superluminal dispersion relation. This is due to the fact that we here parametrize the
elements of the S-matrix in a manner which is basically independent of the dispersion relation once T,
is given, see Eq. (10.14).
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Figure 10.7: The relative quantity 02"
of Eq. (10.22) as a function of w/The
for a low temperature T}, = A/300, for
three values of B = 0.01 (solid blue), 0.1
(dashed purple), and 0.25 (dotted yellow),
for A = 4B, A = 10k, and D = 1/2.
For wv pairs, increasing B now increases
the nonseparability since B? governs their
creation rate.

behavior of A" is very different to that of A"
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Figure 10.8: The same relative quantity
0% as a function of w/Tho for a high
temperature T}, = A/3, for three values
of B = 0.1 (solid blue), 1 (dashed pur-
ple), and 2 (dotted yellow), for A = B/4,
A = 10k, and D = 1/2. With respect to
Fig 10.7, the values of B have been in-
creased by a factor of ~ 10.

Indeed, when p > w > Ty, Thor, We

€
AL ~

o/ T _ 1

(10.28)

The source of nonseparability is the term proportional to B2. This makes perfect sense
since B? fixes the production of uv pairs. With more precision, the large frequency
(w = p) behavior is nonseparable only if

2B% > et/ Thor—1/ T, (10.29)

Y

which requires a very low initial temperature in order to be satisfied. When Eq. (10.29)
is not fulfilled, the state is separable at large w. However, nonseparability is possible
when

232 > efﬂThor/ﬂz(T}lor‘Fﬂz) (1030)

for frequencies obeying

p + T log(25?)
— Ti/T

<
Y 1+ Ti?l/Thor

(10.31)

This is the order of magnitude that we observe in Fig. 10.8.
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Figure 10.9: The minimum over w of A}’
for A = 4k, D = 1/2 and for a tem-

Figure 10.10: The threshold of uv non-
separability A = 0 in the T} /Thor, B

n

perature T = 1/3Av/D (Dotted), AvV/D
(Dashed) or 3Av/D (solid). The dashed
region represents the region with o> =
14|B>—|A]* < 0. The line min A = 0 is
indicated in thick red. The line min A =

plane for 3 values of AVD/k, i.e., 40
(dashed purple), 4 (solid blue), 0.4 (dot-
ted yellow). In the Hawking regime, there
exists a critical temperature, which con-
trols the separability of the UV sector.

—0.5 is indicated in black. This critical temperature disappears in
the dispersive regime. At a larger tem-
perature, nonseparability is found if B2 >
T? /AV/D. When going further in the dis-
persive regime, AW = 0 no longer evolves,

and remains along the dotted curve.

2. The parametric dependence

As for uu pairs, we now determine what is the domain of the parameter space where the
state is nonseparable. We represent in Fig. 10.9 the minimum over w of A for different
temperatures in the A, B plane. The first observation is that A plays no role. This can
be seen from the asymptotic behaviors of Eqs. (10.27) and (10.28). A closer analysis
reveals that the relevant parameters governing the nonseparability of uv pairs are

TY AV D
in Bi‘

10.32
Thor7 ’ ( )

This is the third important result of this chapter.

Given that observation, we represent in Fig. 10.10 the nonseparability threshold
A" = 0 in the B, Ti,/Thor plane for different values of A/k. We observe first, that
in the Hawking regime, there is a critical temperature 7<% ~ T, below which the state
is always nonseparable. This limit is due to the UV behavior of the spectrum. Indeed,
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we see from Eq. (10.29) that when p is large (i.e., deep in the Hawking regime) and
TY < Tier, the states with w ~ p are nonseparable for all values of B. The second
observation is that this critical temperature decreases as we leave the Hawking regime.
This is because the nonseparable regime w > Ty no longer exists when T ~ Winax.
At higher temperature, the nonseparability criterion becomes B? > Ty, /A.

To summarize, the state is nonseparable when TV < Tior or T < B2A.

in ~o in ~

ITI. Different cases

A. Subluminal dispersion relation

We briefly consider the sub-luminal dispersion relation,

/{74

_ F)’ (10.33)

F?(k) = A(k?

in order to present the main differences with the nonseparability of the super-luminal
case considered in Sec. II. In Fig. 10.11, as in the right panel of Fig. 10.3, we represent
the relative quantity 0" for a high initial temperature. For such temperature, we see
that the state is slightly less entangled than in the superluminal case. The origin of this
is due to the fact that in modes come from the sub-sonic side of the horizon. As a result,
for a given initial temperature Tj,, the effective u-temperature T of Eq. (10.17) is larger
than that found when the in modes come from the supersonic side. In other words the
initial distribution of u-quanta is less red-shifted for sub than super-luminal dispersion.
This implies that the contribution of stimulated emission is higher, and this reduces the
domains of nonseparability.

The low temperature behavior of 6* is much less sensitive to the sign of the dispersion
relation because in that case, the nonseparability threshold is mainly governed by the
coupling of the v modes. Because there is no novel aspect in this case, we do not
represent it. In addition, similar effects are also observed concerning the nonseparability
of uv pairs. Hence, these need not to be studied separately.

107“\‘
8 - Figure 10.11: The relative quantity 0** of
! ~ Eq. (10.22) for the subluminal dispersion re-

- lation of Eq. (10.33) as a function of w/Tyer,
4',\‘3: = for a high initial temperature 7;, = 2A, for
ik - three values of B = 0.01 (solid blue), 0.02
(dashed purple), and 0.09 (dotted yellow),
A=4B, A =10k, and D = 1/2.

6,M-1
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B. Analogue white holes

We consider the white hole flow obtained by replacing v(z) by —v(z), where the flow
profile v(x) describes a black hole, for an example see Eq. (10.12). In this case, as
explained in Ref. [MPO9b|, Sy g, the S-matrix in the white hole flow is simply given by
the inverse of the corresponding black hole one given in Eq. (10.2). Because of unitarity,
Sw is of the form Sy = TSTT, where T = diag(1, —1,1). In terms of the black hole
coefficients, Sy gy reads

ar,  —pr, Ar
Swae=| -8, ao —B, |- (10.34)
A, =B; ()

When considering an incoherent initial state characterized by three initial occupation
numbers, Eq. (10.20) becomes

uu 2 wu,in u,in 2 wu,in v,in 2 wu,in v,in
AL = oG ngwanZown + [Bol” nywamewn + [Aul” nZy winewa

~ 2
+ | Bo| i+ 1Bol” 05w — 1B-ol” (14 ngye + 0w + 10w
AW 72 u,in u,in 2 _w,in v,in 2 w,in v,in (1035)
w = Au| nwan D wn T B-wl” ngwinwn o] I i wa

_|_

oo
€

le?vH + |Bw’ Z}ul\r/l\/H - |Bw| (1+ nZJul\IiIVH + ”ZL;I\?VH + n”ZfWH)

On the other hand, working again with the thermal initial state of Eq. (10.15), in the
place of Eq. (10.17), the initial distributions are

'U 11’1 1
P " exp (w/j—‘llr)lWH> -1

. ) (10.36)
L exp (W/ TfﬁWH) -1
where
Toawn =TwD, T wn=Tu(2+ D). (10.37)

These two effective temperatures are independent of the dispersion relation because the
three incoming modes are now low momentum ones. As a result, for white hole flows,
the dispersive scale A only enters in the final distributions only through the effective
temperature Ty, of Eq. (10.13), which is the same for the black and the white hole flows
+o(z).

When considering the entanglement of the quasiparticles emitted by a white hole,
one expects that it will be weaker than that of the corresponding black hole. The reason
is clear: in white hole flows, stimulated effects dominate in over the spontaneous channel
because low frequency excitations are blueshifted (at fixed w, the final value of the wave
number £k, is larger than the incoming one). As a result, the quantities of Eq. (10.35)
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diverge in the low frequency limit as
w? x AL o al( i?l,WH)Q + (A* + B?) i wH Lin wH
— Thor [(7— =) wa + (- + V+>Ti?1,WH} (10.38)
w? x AL ad T wiThor [(’77 — )T wa + (- + ’Y+)Tffq,WH] )

where vy are the two quantities defined after Eq. (10.23).
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The main consequence of these equations is that the nonseparability can be effec-
tively studied by considering the low frequency limit. In Fig. 10.12, we represent the
limit of nonseparability A" = 0 at w = 0 in the (A, B) plane. For T} wy < 2Thor, We
observe that the state is nonseparable in a very large domain of the plane. Instead, for
Tiwn = 2Ther, only a small domain remains nonseparable. The transition between the
two regimes is rapid since changing the value of the temperature by 20% is sufficient to
obtain nonseparability for B < 0.3. We verified that these conclusions are not signif-
icantly modified by relaxing the condition w — 0, and taking the minimum of 0" as
was done in Sec. II. For T3 iy < 2Thr, we observed an increase of the nonseparability
domain. Instead for T} vy > 27hor, We did not observe any increase.

To conclude this secltion7 it is interesting to compare the values of 6" computed in a
white hole and in a black hole for the same initial state. In the left panel of Fig. 10.13
(resp. the right panel) we represent the difference of the minima over w of 0“* (resp.
o) of Eq. (10.22) between the black hole and the white hole case. We used the sames
values of the parameters D = 1/2, A = B = 0.1, T},,/Thor and plot the dependence of the
function in A/k. We observe that § is generically higher in the white hole flow than in

the corresponding black hole one.

Conclusions

We analyzed the strength of the correlations characterizing the two types of pairs that are
emitted by a stationary black hole flow. To distinguish classical correlations associated
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Figure 10.13: The difference of the minima over w of 6“* (left panel) and §*’ (right
panel) computed in a white hole and in a black hole, for three different temperatures
Tin = 2Thor X 0.2 (dotted yellow), 1 (dashed purple), 5 (solid blue). The parameters are
D =1/2, A= B = 0.1. One sees that increasing the initial temperature further increases
the difference between the values of 0" and 9", which means that the nonseparable
character of the state is more rapidly lost for white holes than black holes.

with stimulated effects from genuine quantum entanglement due to spontaneous effects,
we worked at fixed w, and used the criterion of nonseparability of the state which implies
that one of the differences of Eq. (10.4) should be negative, see Chap. 2.

In Sec. I, we studied the generic properties of the S-matrix on an analogue black
hole horizon in order to adopt a parametrization of the spectra that takes into account
the (super-luminal) dispersion relation. We then combined these parameters with those
characterizing the three initial distributions of quasiparticles which are scattered on the
horizon. The set of six parameters we used is described in Sec. 1. D.

In Sec. II, we first studied the dependence in w of A", the difference of Eq. (10.4)
which characterizes the pairs of Hawking quanta. As expected, in the infrared sector,
the state is separable, because stimulated effects dominate over spontaneous ones. We
also observed that the domain of nonseparability critically depends on the strength of
the couplings between the spectator third mode and the two modes under study. We
then studied how the minimum value of A" over w depends on the five parameters we
adopted, see Eq. (10.19). We showed that the domain of nonseparability only depends
on three combinations of these parameters. In addition, two of the three combinations
possess two different forms. The parameter that distinguishes the two regimes is the ratio
of the temperatures Ty /Ty, see Eq. (10.13). When it is smaller than 1/3, dispersive
effects are small, and one effectively works in a regime close to the relativistic Hawking
one. Instead, when it is larger than 3, one works in a regime where the surface gravity
plays no significant role. We also showed that the crossover from one regime to the
other is rather smooth. Combining the scalings in the two regimes, we obtained a rather
complete characterization of the domains of nonseparability, which we hope will be useful
to guide future experiments to identify the appropriate range of parameters where the
spontaneous Hawking effect dominates over stimulated ones.

The main lesson is that in both regimes, the nonseparability threshold critically
depends on the initial temperature of the system (something which was expected), but
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also on the intensity of the coupling with the third spectator mode. When the latter
is small enough, the final state can be quantum mechanically entangled even when the
initial temperature is higher than the black hole temperature. For completeness, we also
studied the quantity A’ which governs the nonseparability of the other type of pairs
emitted by an analogue black hole. The relevant parameters are completely different.

In Sec. III. A, we briefly studied the modifications when replacing the superluminal
dispersion relation by a subluminal one. No significant change is observed besides the
fact that stimulated effects are slightly more important for subluminal dispersion, as the
redshift of the initial distribution is less pronounced. In Sec. III. B, we compared the
entanglement obtained in a white hole flow with that of a black hole one. We showed that
white holes are less appropriate to look for quantum entanglement because stimulated
effects are much more important.



Conclusions and perspectives

In this thesis we studied effects induced by a nontrivial and nonquantum metric (either
gravitational or effective in analogue systems) on quantum matter. From the gravity
point of view, we introduced non trivial dispersion and some dissipation by the addi-
tion of a background timelike vector field to the metric. In Part. I, we reviewed the
basic elements of quantum field theory in curved space-time and the separability crite-
rion. These tools allowed us to build many theories. In Part. I, we studied in details a
rather simple curved space-time, i.e., the de Sitter space-time. We saw that even though
dispersion and dissipation modify the ultraviolet behavior of the theory, most of the
predictions of the standard theory are robust to the introduction of dispersion and dis-
sipation. From the cosmological point of view, this completes the inflationary works of
Refs. [MP08, ACNP08|. Moreover, using the correspondence between de Sitter and black
holes, we showed that the Hawking flux remains thermal to a good approximation even
in the presence of dispersion and dissipation. We also characterized an upper bound to
the leading deviations. In Part. III, we considered many condensed matter systems that
are analogue to quantum field theory in curved space-time and characterized in each
case the domain in parameter space where the predictions of quantum field theory in
curved space-time should be manifest. In particular, we considered the analogue of pair
particle production, i.e., dynamical Casimir effect in Bose-Einstein condensates in the
presence of a generic dissipative rate, and we studied the effect of the initial temperature
on analogue Hawking radiation.

This work is part of a global program, the aim of which is to measure the quantum
properties of vacuum and to validate Hawking’s predictions in analogue experiments.
From a more theoretical point of view, it joins quantum gravity theories which contain ul-
traviolet dispersion, such as Horava theory [Hor09] and Einstein-Aether theory [EJMO04].

Even though many different subjects have been studied, this work only considers a
subclass of aspects of quantum field theory in curved space-time. As an example, we
could go further including interactions. We also only considered bosonic matter fields
and more specifically scalar fields. Moreover, the back-reaction of matter fields on the
background fields, i.e., on space time and preferred time may be a sequel to this work.
On the analogue gravity side, an extension of this work could consist in the explicit
study of Hawking effect in presence of dissipation, or more generally in a non trivial
background. In particular, when considering white hole flows, experiments have shown
the intriguing presence of a non trivial standing waves.
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Appendix

Modulated DCE

Introduction

There have been two recent experiments able to test the nonseparability condition: first
using an atomic BEC [JPBT12| and second, in a Josephson metamaterial [LPHH13|.
Interestingly, in the first case, the condition was not met, while it was met in the second.
In both cases, the experimental teams used a periodic modulation of some parameter
over an extended period of time.

In this appendix we study theoretically the reaction of a system to a long-lasting
modulation with the aim of understanding under which conditions the final state will
be nonseparable. The main change with respect to Chap. 8 and Chap. 9 is in the
expression of the Bogoliubov coefficients. In a first time, we present the basic equations
governing the time evolution of the modes of a homogeneous system in response to an
arbitrary modulation in time. We then characterize the nonseparability of the state
after a sinusoidal modulation. As a final step, we introduce dissipation through its main
effects. This appendix is mainly based on Ref. [BPR14|

Contents
I. Time-dependence in homogeneous media . . ... ... . ... 192
A. Equations of motion . . . . . ... ... 192
B. Frequency modulation . . . . ... ... Lo 194
II. First effects of modulation . . . . ... ... .. ......... 195
A, Analysisof |B] . . .. .. 195
B. Dependence on temperature and final entanglement . . . . . . .. 198
III. Weak dissipation . . . ... ... ... 0000, 200
A. General model of weak dissipation . . . . ... ... ... ... .. 200
B. Analyticstudy . ... ... .. 202
C. Numerical analysis . . . . . . ... ... .. 203
Conclusions . . . . . . .. .0 i i i e e e 205




192 APPENDIX A. MODULATED DCE
I. Time-dependence in homogeneous media

In this section we consider the effects of time dependence on a quantum system. While
the nature of the time dependence is left unspecified, we shall restrict our attention to
homogeneous media, allowing the entire analysis to be done at fixed wave vector k. As
a result, the dimensionality of the system drops out, and need not be specified. To fix
the notation and the concepts, we shall work in an atomic Bose condensate [DGPS99,
JPBT12|. However, the following analysis is easily adapted to other media, such as
polariton systems [CC13a| and Josephson metamaterials [WJP*11, LPHH13]. It is also
applicable to pair creation in cosmological models, such as primordial inflation [Sta79,
MCS81]; in particular, the time variation we shall study in Sec. II. A is very similar to
that occurring during the preheating phase at the end of inflation [KLS97].

A. Equations of motion

In a condensed dilute gas, linear density perturbations obey the Bogoliubov-de Gennes
equation [DGPS99]. At fixed k, in units where & = 1, one obtains neglecting dissipation
[see Eqgs. (8.13a) and (9.12)]

i@tgzgk == Qkék + mc%ﬁik. (Al)

As in Refs. [LKOO03, FP10|, we shall describe Eq. (A.1), as well as its corresponding
Hermitian conjugate equation with k — —k, as a matrix equation:

. gg 1 Q mc? ngS
o % = e o 5] (A2

To clearly identify the effects that are due to a temporal change of €2 or ¢, we perform
the standard Bogoliubov transformation, see Eq. (7.21)

Px Uk Uk ng
ENNERINEN S
Yk ko Uk %
where wuy, and v, are given by Eq. (7.22) and the frequency wy is given by Eq. (7.23).
When Q and /or ¢ vary in time, so too do uy, v, and wy. Using the fact that v —v? =1,

straightforward algebraic manipulation leads to the following equation of motion * for the
Bogoliubov operators? ¢, and ¢! :

) Pk Wk Zz_k P
—k Ve k Y_x

1. Equation (A.4) is very similar to the equation governing the photon field in a cavity of modulated
Josephson metamaterial in Ref. [LPHH13], although due to the stationarity of that inhomogeneous
system (in a rotating frame), the correlations are between opposite frequencies rather than opposite
wave vectors.

2. Note that, as in Chap. 8, we could also have considered Yk qgk + dgik which obeys
[07 + wi(t)] Xx = 0. For a sinusoidal modulation of w?(t), this is (up to a coordinate transformation)
the Mathieu equation [AS64], which also plays a role in preheating cosmological scenarios [KLS97].
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where U, = Oyuy.

In stationary systems, one recovers the standard diagonal matrix governed by wy. In
that case, the fields are trivially related to the (canonical) phonon creation and annihi-
lation operators, see Eq. (7.25). In term of vectors, this equation reads

ER RS P

When the system is stationary for asymptotic early times, the initial operators l;if and
(b )T are well defined and related at early times to the field operators by the above
equation. The same is true when the system becomes stationary for asymptotic late
times, where the late behavior of the fields ¢y and ng_k defines the final operators l;f{“t and
(b°44)T. Then, because the field equation is linear, the two sets of asymptotic operators

are related by an overall Bogoliubov transformation, see Eq. (1.38)
i = oy + (3" (07 (A6

where the requirement that both the initial and final operators satisfy the bosonic com-
mutation relations imposes the condition |a2%|* —|525|* = 1.
The asymptotic in operators define a two-component mode W;»(¢) via the commu-

tator [ (0). (5 )T}

in . @k 14 ’ bi? :|

Wih(t) = | (. o . AT

ro = | 2 A7
To simplify the notation, we shall no longer write the subscript k since all equations shall
be defined for a fixed value of k = |k|. Equation (A.7) implies that the mode doublet

—iwt
Win(t) is the solution of Eq. (A.4) with initial conditions W L [ 8 } For large
——00

times it behaves as

(A.8)

{400 ﬁasezwt

Win N |: aase—iwt :|
Following the standard method [MP98| to evaluate the Bogoliubov coefficients a® and

(2, we introduce the functions «(t) and §(t) through the expression

(A.9)

W(t) = [ a(t) et /fed ]

B(t) ol [Twdt!

By definition, their initial values are 1 and 0, and their late-time values coincide (up to
a phase) with o® and . They obey the first-order coupled equations

(9toz _ Ee%fwdtﬁ, atﬁ _ Ee—Qifwdta. (A].O)
v v

One then verifies that the zeroth order solution, i.e., constant values for o and 3, cor-
responds to the WKB approximation. One also verifies that corrections are associated
with nonadiabatic transitions, and are here interpreted as creation of phonon pairs with
opposite wave vectors.
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It is interesting to notice that
v w0 —md?)
e S S A1l
v 2w 2(Q—me?) ( )

In the following, we shall assume that € —mc? is constant. 3 In this case, the Bogoliubov
coefficients are governed solely by the time evolution of w.

B. Frequency modulation

110 Figure A.1: Here is plotted an example of

1.05; * the frequency modulation of Eq. (A.12),
1.00p - square-rooted so as to give w/wy. The
095} - horizontal axis represents N = wyt/2m.

The amplitude A = 0.1, and the total
number of oscillations N = 14.4.

w/wy

0.90
0 5 10 15

N

In the following, we consider an extended coherent modulation of the system that
induces a corresponding modulation of w?. More precisely, w? is assumed to be constant
for negative times, then follows a sinusoidal oscillation of duration At, and settles on a
constant final value for all later times:

1 if t <0,
W (t)wi =< 1+ Asinw,t  if 0 <t < At, (A.12)
1+ Asinw,At if At <t.

This function is illustrated in Fig. A.1. It defines three dimensionless parameters that
are all relevant in the following: the relative peak-to-peak? amplitude A of the fre-
quency modulation, the number of oscillations NV, and a resonance parameter we call R.
Explicitly, these are defined by

N =w,At/2r, AR/4 = 2wy — wp) [wp. (A.13)

Notice that R combines in a particular way the detuning (2wy — w,) /w, and the ampli-
tude A: it describes the relative frequency gap from resonance, scaled by A so that it
depends on this distance as a fraction of the “width” of the frequency modulation. Notice
also that N is not necessarily an integer.

For convenience, in the rest of the paper, we shall use N; = w,t/27 as a dimensionless
time parameter. Since o and 3 are continuous in time, we can think of a(N) and B(V)
either as their final values after a modulation of length N, or as their instantaneous values
at Ny = N during a modulation of indeterminate length. These equivalent points of view
allow us to use the same notation for N and V;, and also for |$*(N)| and |5(t = Aty)|.

3. In atomic BEC, this corresponds to a constant atomic mass. This is not necessarily true in systems
like polaritons or atoms on a lattice, as pointed out to us by C. Westbrook [MO06].

4. Assuming A < 1, the square root of the second line of Eq. (A.12) gives wy(t) /wo ~ 1+(A/2) sinwpt,
so that the relative amplitude of the frequency modulation (as opposed to that of the squared frequency)
is A/2.
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II. First effects of modulation

Here we apply the concepts described in Sec. I to the temporal modulation of Eq. (A.12),
solving Eqgs. (A.10) to find the behavior of the Bogoliubov coefficient |52 and of the
nonseparability parameter A, of Eq. (2.34).

A. Analysis of |3|

1. Numerical analysis

1Bl

Figure A.2: Here is plotted |S] as a func-
tion of N for various values of R, from
top to bottom: 0 (blue), 0.5 (purple), 2
(yellow), and 5 (green). For all plots, the
modulation amplitude A = 0.1. After an
initial linear growth for all curves, those
with R < 1 grow exponentially with N,
while those with R > 1 rise and fall peri-
odically, the amplitude and period being
approximately proportional to 1/R. We
also note the small rapid oscillations oc-
curring on top of the long-time behavior.

1000F
100+
s 0 ,
1t 7 /’
”/‘f/_,f\\y/ \t;“
0.1 \\/
i
! |
-3 -2 -1 0

Figure A.3: Here is shown a logarithmic
plot of |3]| as a function of R for various
values of N: 25 (blue solid), 50 (purple
dash), and 100 (yellow dotted). For all
plots, the modulation amplitude A = 0.1.
We clearly see the emergence of a cen-
tral peak with increasing N, extending
from R = —1 to 1. For |R| > 1, the
curves oscillate in a complicated way, as
for small values of |5| the small rapid os-
cillations become more important. Be-
cause of these, |3] need not exactly van-
ish at the completion of a cycle. The
number of long-time oscillations increases
in proportion to NN, and their maxima

trace out an envelope corresponding to
the 1/4/R? — 1 behavior of their maxima.

To reveal the various effects of the parametric amplification induced by Eq. (A.12),
we first numerically study the behavior of the norm of |3|, whose square gives the final
occupation number when working in the in vacuum. In this section, we provide only a
qualitative description, but the following observations are all explained in the analytical
study presented in Sec. I1. A. 2.
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1 10 100

3 fon DO Figure A.4: Here is shown a contour plot
[ of In|3| as a function of N and R. As
2r in Figs. A.2 and A.3, the modulation
amplitude A = 0.1. The contour val-
i ues are 5 (the maximum shown, at the
j‘ boundary between dark blue and white),
x o \ 4, and decrease by steps of 1. We clearly
i ‘\\ see, with increasing N, the emergence of
_10 A an exponentially growing resonant regime
I “ for |[R| < 1 and an oscillating nonreso-
_25 - nant regime for |R| > 1. Note also that
I the contours themselves are not exactly
i ‘ L // ) smooth, having jagged edges due to the

_37‘1 0 0 short-time oscillations of |3].

In Fig. A.2, we represent |f| as a function of adimensionalized time N, for various
values of the parameter R. Each of the curves is a superposition of a large long-time
variation, and a small short-time variation. The former is by far the most significant con-
tribution, and shall be discussed below. The origin of the latter is provided in Eq. (A.17).
We notice that, after an initial linear growth whose rate is independent of R, the depen-
dence of || on N falls into one of two types, depending on the value of R:

i. For |R| > 1, | 5] eventually drops below the linear curve, heading back towards zero
and falling into a periodic oscillation. This is the off-resonant regime.

ii. For |R| < 1, |f] eventually climbs above the linear curve, tending towards exponential
growth. This is the resonant regime, and is due to stimulated amplification of
formerly spontaneously created quanta.

We thus get a sense from Fig. A.2 of the importance of the parameter R. To inves-
tigate this further, in Fig. A.3 we represent |5| in logarithmic scale as a function of R
for various values of N. We observe a central peak around R = 0 of increasing height
and decreasing width, though the width saturates with increasing /N such that it extends
from R = —1 to 1. This peak corresponds to the resonant regime, and as the evolution of
|| becomes exponential for large N we find that the height of the peak in log|3| varies
linearly with N. For |R| > 1, we observe oscillations with a fixed maximum value for
each value of R, such that the maxima trace out an envelope that is a smooth function of
R. This is the nonresonant regime, where |3| never rises above a fixed maximum value.

For completeness, in Fig. A.4 we combine the above figures in a contour plot, where
the contours are lines of constant || in the (IV, R)-plane. One can clearly see the
emergence of the resonant peak for |R| < 1 with increasing NN, as well as the oscillatory
behavior for |R| > 1.
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2. Analytical properties

As can be seen from Figs A.2 and A.3, the dependence of |5| on the parameters N, A
and R is rather complicated. Yet, the essential features can be obtained analytically, as
we now show.
To simplify the following equations, we use the adimensional time 7 and the detuning
parameter r given by
2w — w
T=wpt, =" = AR/4. (A.14)
Wp
We also assume that A < 1, so the relative modulation of w is small. Then Egs. (A.10)
simplify and become

rame = [ + ei(zf’”)f] B, (A.15a)

|00

OB~= e+ e‘m_r)T] a. (A.15b)

8
To solve these equations, two cases will be separately considered: in the first, the mod-
ulation is nonresonant so 8 < 1 for all times; in the second, the modulation is close to
resonant so AR/4 =r < 1.

a. Non-resonant case

When § is very small, unitarity |o> = 1 + |3|° implies that |a| remains close to 1.
Equation (A.15a) then guarantees that the phase of « is slowly varying in time, so
0(B/a) ~ 0y(B)/c. Since we seek only the magnitude |5|, we shall not consider this
phase. We thus have

0. ~ g [e7" T + e_i(2_T)T] : (A.16)

This is trivially solved by

—A 6—1’77' -1 6—i7(2+r) -1
t) ~ ) A.17
Alt) 8 r + 2+ ( )

This equation correctly describes two effects that are visible in Figs. A.2 and A.3: The
first term describes long-time variations of large magnitude, while the second describes
short-time variations of small magnitude.

b. Close to resonance

We now suppose that we are close to resonance so r < 1. In such a case, a rotating
wave approximation can be performed so that we neglect terms oscillating with frequency
2wy + wp. Under such circumstances, the Bogoliubov coefficients are solutions of

A, A .
0, ~ gewﬁ, 0.8 ~ ge_“”Ta. (A.18)
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Imposing the initial conditions &« = 1 and § = 0 at t = 0, the exact solutions of these
equations are

a(t) ~e'z" [cosh <§\/ 1— R%’) ) (\/81_7]%2 ") , (A.19a)
B(t) ~ e 5 (& ") (A.19b)

Several comments should be made. First, for low values of 7 = w,t, we have |5| x Ar.
This explains the fact that all curves of Fig. A.2 are initially linear with a growth rate
that is independent of R.

Second, Eqs. (A.19) reveal the crucial role played by R, which did not appear in
Eqgs. (A.15a). The value of R delineates the two behaviors that we observed, and char-
acterizes the transition from one to the other occurring at |R| = 1. When |R| > 1, the
square root is imaginary and (3 oscillates in time, with a maximum given by |3 ..
1/v/R? — 1. This is the off-resonant behavior. In addition, the fact that |3, depends
only on R explains the envelope traced out with increasing N in Fig. A.3. In contrast,
when |R| < 1, B grows exponentially, as can be clearly seen in the low-R curves of
Fig. A.2. This is the resonant regime, and the fact that it occurs over a finite range of R
explains the finite width of the growing part of the spectrum seen in Figs. A.3 and A 4.
Indeed, at large times, we find In|5| ~ (TNA/4)v/1 — R? — In(2v/1 — R?). The critical
case is |R| = 1. In this case, under the assumptions we used, 8 grows linearly in time.

Third, in the limit R > 1, r = AR/4 < 1, Eq. (A.19b) gives

sin [r7/2]

s (A.20)

B8] ~
which corresponds to the first term of Eq. (A.17). There is thus a perfect compatibility
of the two descriptions in this intermediate range 1 < R < 4/A where they overlap.

Finally, we can substitute the expressions of Eq. (A.19) into the right-hand side
of Egs. (A.15), yielding improved solutions that are relevant close to resonance and
include the rapidly oscillating terms. In fact, iterating this operation gives a perturbative
expansion for the solutions of Eqs. (A.15), of which Eqs. (A.19) are the lowest-order
terms.

B. Dependence on temperature and final entanglement

We now include the effects of a nonzero initial temperature — or, equivalently, a non-
zero initial occupation number — on both the final occupation number n., and the
separability parameter A,. To do so, the initial occupation number is supposed to
follow the thermal distribution:

1

Nows and Ay are then given by Eqgs. (8.38) and (8.40). In Fig. A.5, ngy and Ay are

plotted as functions of n;, and T/wy for a system exactly at resonance (R = 0) and
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Figure A.5: Here are plotted, for exact resonance R = 0, the final occupation number
now (left figure) and A (right figure) as functions of the initial occupation number ny,
(and the initial temperature in units of the mean frequency wy) for various values of N:
5 (blue solid), 15 (dashed purple), and 25 (dotted yellow). It is clear that both 7y
and A increase with temperature in an approximately linear fashion. However, whereas
increasing N raises both the intercept and slope of the ngy-curves, it has the opposite
effect on the A-curves, yielding a nonseparable state over a progressively wider range of
initial temperatures.

for various values of N. We observe that n., increases both with initial temperature
and with N, while A — which is sensitive to the division of ng,, into spontaneous and
stimulated contributions — increases with initial temperature but decreases with N. This
is in accordance with Eq. (8.40) since || increases with the duration N.

In Fig. A.6, we represent the nonseparability threshold in the (N, T)-plane — that
is, the locus where A = 0 — for various values of R. Notice that A is positive to the
right of the curves since it always increases with ny,. In the case of resonance (|R| < 1),
we observe that whatever the initial temperature, A becomes negative and the state
becomes nonseparable for N larger than some value. By contrast, in the nonresonant
case (|R| > 1), there exists a temperature above which the state is separable for all
values of N. This critical temperature depends on R and is generically lower than wy.
The analytic treatment of Sec. II. A. 2 gives Tiax ~ wo/ In(R).

To conclude this section, we consider the experiment of Ref. [JPBT12], the results of
which triggered the present analysis. From the data, we estimate that the peak-to-peak
amplitude A ~ 0.1 and that the duration N ~ 50. (In fact, this is only an upper bound
on A. It is actually the frequency of the trapping potential that is modulated with this
amplitude, and estimating the corresponding amplitude for the mode frequencies is rather
nontrivial.) We have not been able to determine with precision the appropriate value for
R. In principle, if one works exactly at the resonance R = 0, the phonon state would be
nonseparable for ny, < 1200. Instead, when working with R = 1, nonseparability would
occur only for ny, < 40. These findings seem to overestimate the observed intensity of
the correlations. A possible explanation for this is the neglect of weak dissipative effects.
To study this possibility, in Sec. IIT we include weak dissipation while the system is being
modulated. We shall see that weak dissipation is sufficient to ruin the nonseparability
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Figure A.6: Plotted here are loci of the
separability threshold A = 0 in the
(Tin, N)-plane for various values of R,
Tin/wo from right to left: 0 (blue), 0.99 (purple),
2 (yellow), and 5 (green). As for previous
P T~ | plots, we work with A = 0.1. Note once
e | again the splitting of the large-N behav-
™ ior into resonant (|R| < 1) and nonreso-
nant (|R| > 1) regimes. For R < 1, the
curves are seen to extend indefinitely to-
wards higher values of ny,, meaning that
it is possible, for any initial temperature,
to reach a nonseparable state if NV is made
large enough. On the other hand, for
R > 1, the curves reach some maximum
value of n;, and then turn around, so
the state can only be made nonsepara-
ble for temperatures below some maxi-
mum value, and even then the system will
oscillate between separable and nonsepa-
rable states. Again we notice the lack of
smoothness of the curves due to the short-
time oscillations of |3].

reached by the system in the absence of dissipation, thereby possibly explaining what
was reported in Ref. [JPBT12].

III. Weak dissipation

In this section, we introduce a weak dissipative rate I' — where “weak” means I'/wy < 1
— and study its effects on quasiparticle creation and entanglement.

A. General model of weak dissipation

In the presence of dissipation, the notion of Bogoliubov coefficients is no longer well
defined, as the system is coupled to some environment. As a result, the state of the
system can no longer be characterized by «(t) and §(t) as in the non-dissipative case.
Instead, the mean occupation number n and the correlation ¢ can still be defined for all
times when dissipation is weak enough, see Chap. 8 and Chap. 9. In this regime, the
separability parameter A remains related to these by Eq. (2.34).

We adopt a simple effective approach to dissipation, inspired by the results of Chap. 8
and Chap. 9 in which it was incorporated using Hamiltonian models that respect uni-
tarity. In these chapters, only single sudden changes were considered, and it was found
that the Bogoliubov coefficients — which can be locally defined in the vicinity of the
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change when dissipation is weak enough — respond to the sudden change as if dissipation
were not present. In fact, the main effect of weak dissipation observed was the expected
exponential damping of the system towards an equilibrium state.

These observations are here implemented by considering a series of infinitesimal dou-
ble steps of duration dt. In each double step, the system evolves according to two
processes:

e a non-dissipative modulation linking [n(t), ¢(t)] to an intermediate [n(t), é(t)] by
an infinitesimal Bogoliubov transformation 6.5, which can be derived from the local
behavior of a(t) and 5(t) in the absence of dissipation;

e an exponential damping due to dissipation which carries [n(t), ¢(t)] to [n(t + dt),
c(t + dt)).

The non-dissipative modulation over dt gives rise to a small change in the quantum
amplitude operators as in Eq. (A.6):

bi(t + dt) = da by (t) + (68)* b (1), (A.22)

where 0o — 1 and 08 are proportional to dt. As described above, this is the same
infinitesimal transformation that acts locally in the absence of dissipation, so if S(¢)
is the finite Bogoliubov transformation relating the instantaneous amplitude operators

. - A NN
bi(t) and b1, (t) to b and <ka> in the non-dissipative case, then §S = S(t+dt)S™1(¢).
In terms of a(t) and £(t), this is equivalent to

dov = at + dt)a*(t) — B(t + dt)*B(t) ~ 1 + (aa* — §*B)dt,

. (A.23)

0 =Bt +dt)a(t) — a(t+dt) B(t) ~ (Ba™ — &*B)dt.
Moreover, unitarity requires that |da|”> —|63)° = 1, so the difference |da|” — 1 is second-
order in dt. Thus we are led to the following equations for the resulting changes in n
and ¢, see Eq. (8.38):

a(t) = 681> + (1687 + |6al?) n(t) + 2R (5adBe(t)) ~ n(t) + 2R [58c(t)] ,

~ 2 (4.24)
&(t) = 6adB* + 20003 n(t) + dac(t) + (68%)° ¢*(t) ~ 8*[1 + 2n(t)] + da’c(t).

In the second part of the double step, we account for the process of weak dissipation,
which is described by

n(t + dt) = neg(t) + [A(t) — neg(t))e ™" ~ @a(t) — 2U[7i(L) — neq(t)]dt, (A.25)
c(t + dt) = é(t)e 2 ~ &(t) — 20¢(t)dt, '
where n.4(t) = ne,(wg(t)) is the mean occupation number when the system is in equilib-
rium, typically the thermal distribution of Eq. (A.21). When coupled to such incoherent

states, the equilibrium value of the coherence parameter c., vanishes, as is assumed in
Eqgs. (A.25).
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To first order in dt, Eqs. (A.23) to (A.25) combine to give

(0r + 2N = 2I'ngg + 2R [(a* 0,8 — SO ™) (],

(0, + 2D)e = (ad,5* — B*0,a)(1 + 2n) + 2(a*Brcx — BOB7)c. (4.26)

These are equivalent to Egs. (A.28) when the non-dissipative equations for a(t) and 5(¢),
Egs. (A.10), are substituted in Eqs. (A.26), and the unitarity condition |a|* — |5]> = 1
is used. One can check that in the limit T' — 0, Eqgs. (8.38) satisfy the above equations.
One can also check that, when there is no modulation or after the modulation has ended
—i.e., when «, # and n,, are constant in time — Eqgs. (A.26) imply that n and ¢ decay
exponentially toward their equilibrium values n., and 0.

Furthermore, Eqs. (A.26) yield the following simple equation for the evolution of the
effective number 72 = n(n + 1) — |¢|* that fixes the value of the entropy [CP05a]:

Oy = 2T [2]c* + (1 + 2n)(neg — n)] - (A.27)

The evolution of 72(t) determined by this equation governs the entropy exchanges between
the system and its environment.

B. Analytic study

We now use the model built in Sec. III. A, and in particular Eq. (A.26) to the modulated
evolution of Eq. (A.12). Using Eq. (A.10), Eq. (A.26) gives

(O +2I)n = 2I'ne, + R [e_zif“dtc} ,
" v (A.28)

(8, + 21)c = —e¥ S @it (1 4 2p).
v

Here, ne,(t) = neg(wi(t)), where ne,(w) is the mean occupation number at frequency w
when the system reaches equilibrium in the limit ¢ — oo. It is determined by the state
of the environment, and is typically given by ne,(w) = nu(w/T), for given temperature
T and where ny,(w/T) is the thermal distribution of Eq. (A.21).

We work in a regime where the relative modulation of the mode frequency is small,
and where it is not too far from resonance; in Sec. I1. A. 2, we saw that this regime corre-
sponds to A < 1, AR/4 < 1. Thus we can approximate %e_%f“dt ~ Awye ARt/ and
if we also average over the rapid oscillations so that these can be neglected, Eqs. (A.28)

become

A ,
(0 4+ 2T)n = 20, + prgfe [e=iARwpt/1c]
wyA (A.29)
(01 + 2M)e = == /(1 + 2n).

Neglecting the time dependence of n., and working at exact resonance R = 0, it can be
derived from Egs. (A.29) that, for I'/wy > A/4, n grows and saturates at
3202,y + A%W3
Nimaz = .
3212 — 2422

(A.30)
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On the other hand, for I'/wy < A/4, n grows exponentially, albeit at a slower rate due
to dissipation. In both these cases, A decays exponentially towards the limiting value

8'neq — Awy

Amin = .
8" 4+ 2Awy

(A.31)
Thus, the state eventually becomes nonseparable if 2n.,I'/wy < A/4. Note that this
condition for nonseparability is independent of the condition for exponential growth of
n. More precisely, if n., < 1/2, there exists a regime where n saturates and the final
state is nonseparable, whereas if n., > 1/2, there exists a regime in which the final state
is separable and n grows exponentially.

C. Numerical analysis

For the results presented here, we take for initial and equilibrium values of n the ther-
mal distribution of Eq. (A.21) and for equation of motion Eq. (A.28). In Fig. A.7 we
represent, for various dissipative rates I'/wy, the time evolution of n and A at exact
resonance R = 0 and with a temperature for the environment 7' = wy. We observe that
the mean occupation number decreases with I'/wy, the deviation becoming larger with
increasing N; and that, for large enough dissipative rates, n is seen to saturate at large
N. Correspondingly, the coherence is reduced (i.e., A increases), and for large enough
['/wo the limiting value of A is positive so that the state never becomes nonseparable.
As an example, with the numbers of Ref. [JPBT12|, namely for T}, /wy = 1 and N = 50,
a weak dissipation of I'/wy = 2% is almost sufficient to ruin the nonseparability which

0.6
0.4f

0.2f

<

0.0}

-0.2f

-04f

N N

Figure A.7: Here are plotted, at exact resonance R = 0 and for an initial thermal
bath with T}, = wp, the mean occupation number (left figure) and the separability
parameter A (right figure) immediately after the end of the frequency modulation. The
amplitude is as before taken to be A = 0.1. The various curves correspond to different
dissipative rates I'/wy (from larger to smaller n and from lower to higher A): 0 (blue),
0.01 (purple), 0.02 (yellow) and 0.03 (green). The rate of increase of n is seen to be
reduced by larger dissipation rates; but, in accordance with the prediction of Sec. III, it
approaches exponential growth for I'/wy < A/4 = 0.025 and saturates for I'/wy > 0.025.
Similarly, A approaches a limiting value which increases with the dissipation rate, and
as predicted in Sec. IIT the final state is nonseparable only when I'/wy < A/8n,., ~ 0.021.
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Figure A.8: Here are shown, at R = 2 and for an initial thermal bath with T" = wy,
the mean occupation number (left figure) and separability parameter A (right figure)
immediately after the end of the frequency modulation. As before, the amplitude A =
0.1. The various curves correspond to different values of the dissipative rate I'/wy,
from larger to smaller first oscillation: 0 (blue), 0.01 (purple), 0.02 (yellow) and 0.03
(green). We note a smoothing out of the oscillations with increasing dissipative rate, and
eventually their disappearance, as in overdamped systems. n and A are seen to approach
limiting values, which (respectively) decrease and slightly increase with increasing I' /wy.

is found in the absence of dissipation. To be more explicit, in the absence of dissipa-
tion, A = —0.4995, while for T'/wy = 2%, A = —0.018. Nonseparability is lost for
F/WQ ~ 2.1%.

Slightly off resonance, with 0 < |R| < 1, the differences with respect to the resonant
case are similar to those of the non dissipative case. See Fig. A.3 for the behavior of the
mean occupation number n,,;, = ]ﬁ|2 and Fig. A.6 for the behavior of the separability
parameter A for 0 < |R| < 1 in the absence of dissipation. As can be seen there, n,,
falls with R and A increases with R.

In the nonresonant case, with R > 1, dissipation is observed to dampen the oscilla-
tions in n and A, both of which approach limiting values that (respectively) decrease and
increase with increasing I'/wy; see Fig. A.8. It is even possible to reach an overdamped
regime where no oscillations occur. As in the absence of dissipation, on top of this long
range behavior some small and rapid oscillations of frequency near 2w, occur. These
do not decay when the system reaches a near-equilibrium state, as can be verified by
considering the near-stationary solution of Eqs. (A.29) when the rapid oscillations are
taken into account.

As in the non dissipative case, in Fig. A.9, we represent the nonseparability threshold
in the (N, T)-plane for various values of R, and for a dissipative rate I'/wy = 1%. As
in Fig. A.6, A is positive to the right of the curves since it always increases with Tj,.
We observe that regime where nonseparability is reached is much reduced by dissipation.
In particular, even in the resonant regime, there exists a maximum temperature above
which the final state is always separable.

We conclude this section by applying our results to the experiment described in
Ref. [LPHH13|. We find that the relevant parameters are n., = 0.0056, A ~ 0.048 and
I'/wo > 0.009. (We can only give a lower bound for I'/wy because it is acknowledged
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Tin/wo
05 1. 15
20T e
: 5"} : 5 : Figure A.9: Plotted here are loci of the
2 s | separability threshold A = 0 in the
15 % s £ 1 (T, N)-plane for the same parameters as
¥ s s | in Fig. A.6. The value of the dissipa-
i ; / éig | tive rate is ['/wy = 0.01. The effect of
z 10f J,f’ ;,’5’§é/ 1 dissipation is here manifest as it intro-
i | . ;}5 | duces a critical temperature above which
hY =3 1 state always is separable. If one is un-
sl /y;;‘i‘% | der this critical temperature, the minimal
i f //) | time needed to reach nonseparability is
— /g'&f | increased.
0. 05 1 15
Nin

that there is additional source of dissipation — probably two-photon dissipation — that
is not accounted for.) Assuming the experiment is performed very close to resonance,
we take R = 0, so Egs. (A.30) and (A.31) are applicable. Since A/8n., ~ 1 > I'/wy, we
conclude that —1/4 < A < 0 and the state is nonseparable. This is in agreement with
the results of Ref. [LPHH13| which reports A = (27932 — 1) /2 ~ —0.1. The behavior
of n, however, is more difficult to ascertain since A/4 is slightly above the lower bound
of I'/wyg. We expect that the additional dissipative effects will take I'/wy above A/4, so
that n should saturate.

Conclusions

We have considered the spectrum of quasiparticles and their degree of entanglement
due to a sinusoidal modulation of the (squared) frequency in a homogeneous quantum
system. For definiteness, the system under consideration was taken to be an atomic Bose-
Einstein condensate. The modulation was found to be describable by three parameters:
its length, its amplitude, and the detuning of its frequency from resonance (at twice
the mean mode frequency). The final amount of spontaneous creation, described by the
magnitude of the Bogoliubov coefficient |53, is found to have a complicated dependence
on these three parameters, while the behavior of the separability parameter A, was
given in Eq. (8.40).

A key observation, in accordance with similar results seen in Ref. [KLS97], is the exis-
tence of a finite width of “resonant” frequencies. Averaging out the small rapid oscillations
that are superimposed on a large long-time behavior, the spontaneous contribution to
resonant quasiparticle modes grows exponentially with the duration of the modulation,
and for any initial temperature, the final state can be made nonseparable if the modula-
tion lasts long enough. For off-resonant modes, however, the spontaneous contribution
rises and falls periodically, never reaching above some maximum value. At the level of
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entanglement, this has the effect that, for off-resonant modes, there is a temperature
above which the final state is always separable, no matter the length of the modulation.
Finally, we evaluated the consequences of weakly dissipative effects. We demonstrated
that the nonseparability of the final state can be significantly reduced and even destroyed
when these are taken into account. It is thus clear that weak dissipation could play an
important role in the experimental attempts to establish nonseparability of the final state.
These considerations have been illustrated by considering two recent experiments.



Bibliography

[AB76]

[ABP13]

[ACNPOS]

[Ang92]

[AS64]

[ATST13]

[BBM12|

[BCP14]

[BD77]

IBDS84|

P. Aichelburg and R. Beig. Radiation damping as an initial value problem.
Annals of Physics 98, 264 (1976).

J. Adamek, X. Busch, and R. Parentani. Dissipative fields in de Sitter and
black hole spacetimes: quantum entanglement due to pair production and
dissipation. Phys. Rev. D 87, 124039 (2013). arXiv:1301.3011.

J. Adamek, D. Campo, J. C. Niemeyer, and R. Parentani. Inflationary
Spectra from Lorentz Violating Dissipative Models. Phys. Rev. D 78, 103507
(2008). arXiv:0806.4118.

J. Anglin. Thermal equilibrium from the Hu-Paz-Zhang master equation
(1992). arXiv:hep-th/9210034.

M. Abramowitz and 1. Stegun. Handbook of Mathematical Functions, Fifth
ed. (Dover, New York, 1964).

E. Altman, J. Toner, L. M. Sieberer, S. Diehl, and L.. Chen. Two-dimensional
superfluidity in driven systems requires strong anisotropy (2013). arXiv:
1311.0876.

P. Berglund, J. Bhattacharyya, and D. Mattingly. Mechanics of universal
horizons. Phys. Rev. D 85, 124019 (2012). arXiv:1202.4497.

X. Busch, 1. Carusotto, and R. Parentani. Spectrum and entanglement of
phonons in quantum fluids of light. Phys. Rev. A 89, 043819 (2014). arXiv:
1311.3507.

T. S. Bunch and P. C. W. Davies. Covariant Point Splitting Regularization
for a Scalar Quantum Field in a Robertson-Walker Universe with Spatial

Curvature. Proc. Roy. Soc. Lond. A357, 381 (1977).

N. Birrell and P. Davies. Quantum Fields in Curved Space Cambridge Mono-
graphs on Mathematical Physics (Cambridge University Press, 1984).

207


http://dx.doi.org/10.1016/0003-4916(76)90247-5
http://dx.doi.org/10.1103/PhysRevD.87.124039
http://arxiv.org/abs/1301.3011
http://dx.doi.org/10.1103/PhysRevD.78.103507
http://arxiv.org/abs/0806.4118
http://arxiv.org/abs/hep-th/9210034
http://arxiv.org/abs/1311.0876
http://arxiv.org/abs/1311.0876
http://dx.doi.org/10.1103/PhysRevD.85.124019
http://arxiv.org/abs/1202.4497
http://dx.doi.org/10.1103/PhysRevA.89.043819
http://arxiv.org/abs/1311.3507
http://arxiv.org/abs/1311.3507

208
[BEF*08]

[BFFPO05]

[BFFW13]

[BJSL1]

[BLV11]

[BMPS95a

[BMPS95b)

[Bog47]

[BP12]

[BP13]

[BP14]

[BPR14]

|BS11]

|CBCO5|

BIBLIOGRAPHY

R. Balbinot, A. Fabbri, S. Fagnocchi, A. Recati, and I. Carusotto. Non-local
density correlations as signal of Hawking radiation in BEC acoustic black
holes. Phys. Rev. A 78, 021603 (2008). arXiv:0711.4520.

R. Balbinot, A. Fabbri, S. Fagnocchi, and R. Parentani. Hawking radiation
from acoustic black holes, short distance and back-reaction effects. Riv.
Nuovo Cim. 28, 1 (2005). arXiv:gr-qc/0601079.

D. E. Bruschi, N. Friis, I. Fuentes, and S. Weinfurtner. On the robustness of
entanglement in analogue gravity systems. New J. Phys. 15, 113016 (2013).
arXiv:1305.3867.

E. Barausse, T. Jacobson, and T. P. Sotiriou. Black holes in Finstein-
aether and Horava-Lifshitz gravity. Phys. Rev. D 83, 124043 (2011). arXiv:
1104 .2889.

C. Barcelo, S. Liberati, and M. Visser. Analogue gravity. Living Rev. Rel.
14, 3 (2011). arXiv:gr-qc/0505065.

R. Brout, S. Massar, R. Parentani, and P. Spindel. Hawking radiation with-
out transPlanckian frequencies. Phys. Rev. D 52, 4559 (1995). arXiv:
hep-th/9506121.

R. Brout, S. Massar, R. Parentani, and P. Spindel. A Primer for black hole
quantum physics. Phys. Rept. 260, 329 (1995). arXiv:0710.4345.

N. Bogolubov. On the theory of superfluidity. Journal of Physics 11, 23
(1947).

X. Busch and R. Parentani. Dispersive fields in de Sitter space and
event horizon thermodynamics. Phys. Rev. D 86, 104033 (2012). arXiv:
1207 .5961.

X. Busch and R. Parentani. Dynamical Casimir Effect in dissipative media:
When is the final state non-separable ¥ Phys. Rev. D 88, 045023 (2013).
arXiv:1305.6841.

X. Busch and R. Parentani. Quantum entanglement in analogue Hawking
radiation, when is the final state non-separable ? Phys. Rev. D 89, 105024
(2014). arXiv:1403.3262.

X. Busch, R. Parentani, and S. Robertson. Quantum entanglement due
to modulated Dynamical Casimir Effect. Phys. Rev. A 89, 063606 (2014).
arXiv:1404.5754.

D. Blas and S. Sibiryakov. Horava gravity versus thermodynamics: The
Black hole case. Phys. Rev. D 84, 124043 (2011). arXiv:1110.2195.

C. Ciuti, G. Bastard, and I. Carusotto. Quantum vacuum properties of the
intersubband cavity polariton field. Phys. Rev. B 72, 115303 (2005).


http://dx.doi.org/10.1103/PhysRevA.78.021603
http://arxiv.org/abs/0711.4520
http://dx.doi.org/DOI:10.1393/ncr/i2006-10001-9
http://dx.doi.org/DOI:10.1393/ncr/i2006-10001-9
http://arxiv.org/abs/gr-qc/0601079
http://dx.doi.org/10.1088/1367-2630/15/11/113016
http://arxiv.org/abs/1305.3867
http://dx.doi.org/10.1103/PhysRevD.83.124043
http://arxiv.org/abs/1104.2889
http://arxiv.org/abs/1104.2889
http://dx.doi.org/10.12942/lrr-2011-3
http://dx.doi.org/10.12942/lrr-2011-3
http://arxiv.org/abs/gr-qc/0505065
http://dx.doi.org/10.1103/PhysRevD.52.4559
http://arxiv.org/abs/hep-th/9506121
http://arxiv.org/abs/hep-th/9506121
http://dx.doi.org/10.1016/0370-1573(95)00008-5
http://arxiv.org/abs/0710.4345
http://dx.doi.org/10.1103/PhysRevD.86.104033
http://arxiv.org/abs/1207.5961
http://arxiv.org/abs/1207.5961
http://dx.doi.org/10.1103/PhysRevD.88.045023
http://arxiv.org/abs/1305.6841
http://dx.doi.org/10.1103/PhysRevD.89.105024
http://arxiv.org/abs/1403.3262
http://dx.doi.org/10.1103/PhysRevA.89.063606
http://arxiv.org/abs/1404.5754
http://dx.doi.org/10.1103/PhysRevD.84.124043
http://arxiv.org/abs/1110.2195
http://dx.doi.org/10.1103/PhysRevB.72.115303

BIBLIOGRAPHY 209

[CBFR10]

[CCO4]

[CCOo6]

[CC13a)

[CC13b|

[CFP+12]

[CFR08]

[CJ96]

[CL81]

[Cor9g|

[CP04|

[CP054]

[CPO5D]

|CPOG]

I. Carusotto, R. Balbinot, A. Fabbri, and A. Recati. Density correla-
tions and dynamical Casimir emission of Bogoliubov phonons in modulated
atomic Bose-FEinstein condensates. Eur. Phys. J. D 56, 391 (2010). arXiv:
0907.2314.

[. Carusotto and C. Ciuti. Probing microcavity polariton superfluidity
through resonant rayleigh scattering. Phys. Rev. Lett. 93, 166401 (2004).

C. Ciuti and 1. Carusotto. Input-output theory of cavities in the ultrastrong
coupling regime: The case of time-independent cavity parameters. Phys.

Rev. A 74, 033811 (2006).

[. Carusotto and C. Ciuti. Quantum fluids of light. Rev. Mod. Phys. 85,
299 (2013).

A. Chiocchetta and 1. Carusotto. Non-equilibrium quasi-condensates in re-
duced dimensions. EPL (Europhysics Letters) 102, 67007 (2013). arXiv:
1302.6158.

A. Coutant, A. Fabbri, R. Parentani, R. Balbinot, and P. Anderson. Hawk-
ing radiation of massive modes and undulations. Phys. Rev. D 86, 064022
(2012). arXiv:1206.2658.

I. Carusotto, S. Fagnocchi, A. Recati, R. Balbinot, and A. Fabbri. Numerical
observation of Hawking radiation from acoustic black holes in atomic BECs.
New J. Phys. 10, 103001 (2008). arXiv:0803.0507.

S. Corley and T. Jacobson. Hawking spectrum and high frequency dispersion.
Phys. Rev. D 54, 1568 (1996). arXiv:hep-th/9601073.

A. Caldeira and A. Leggett. Influence of dissipation on quantum tunneling
in macroscopic systems. Phys. Rev. Lett. 46, 211 (1981).

S. Corley. Computing the spectrum of black hole radiation in the presence of
high frequency dispersion: An Analytical approach. Phys. Rev. D 57, 6280
(1998). arXiv:hep-th/9710075.

D. Campo and R. Parentani. Space-time correlations in inflationary spec-
tra: A Wave-packet analysis. Phys. Rev. D 70, 105020 (2004). arXiv:
gr-qc/0312055.

D. Campo and R. Parentani. Inflationary spectra and partially decohered
distributions. Phys. Rev. D 72, 045015 (2005). arXiv:astro-ph/0505379.

D. Campo and R. Parentani. Inflationary spectra, decoherence, and two
- mode coherent states. Int. J. Theor. Phys. 44, 1705 (2005). arXiv:
astro-ph/0404021.

D. Campo and R. Parentani. Inflationary spectra and violations of Bell
inequalities. Phys. Rev. D 74, 025001 (2006). arXiv:astro-ph/0505376.


http://dx.doi.org/10.1140/epjd/e2009-00314-3
http://arxiv.org/abs/0907.2314
http://arxiv.org/abs/0907.2314
http://dx.doi.org/10.1103/PhysRevLett.93.166401
http://dx.doi.org/10.1103/PhysRevA.74.033811
http://dx.doi.org/10.1103/PhysRevA.74.033811
http://dx.doi.org/10.1103/RevModPhys.85.299
http://dx.doi.org/10.1103/RevModPhys.85.299
http://dx.doi.org/10.1209/0295-5075/102/67007
http://arxiv.org/abs/1302.6158
http://arxiv.org/abs/1302.6158
http://dx.doi.org/10.1103/PhysRevD.86.064022
http://arxiv.org/abs/1206.2658
http://dx.doi.org/10.1088/1367-2630/10/10/103001
http://arxiv.org/abs/0803.0507
http://dx.doi.org/10.1103/PhysRevD.54.1568
http://arxiv.org/abs/hep-th/9601073
http://dx.doi.org/10.1103/PhysRevLett.46.211
http://dx.doi.org/10.1103/PhysRevD.57.6280
http://arxiv.org/abs/hep-th/9710075
http://dx.doi.org/10.1103/PhysRevD.70.105020
http://arxiv.org/abs/gr-qc/0312055
http://arxiv.org/abs/gr-qc/0312055
http://dx.doi.org/10.1103/PhysRevD.72.045015
http://arxiv.org/abs/astro-ph/0505379
http://dx.doi.org/10.1007/s10773-005-8890-5
http://arxiv.org/abs/astro-ph/0404021
http://arxiv.org/abs/astro-ph/0404021
http://dx.doi.org/10.1103/PhysRevD.74.025001
http://arxiv.org/abs/astro-ph/0505376

210
|CP08al

[CPOSb)

[CP10]

[CPF12]

[CSQO1|

[CSQO3]

[DDR76]

[DGPS99]

[ANSZ14]

[DS06]

[EFJW07|

[EJ06]

[EIMO4]

[FC13)

BIBLIOGRAPHY

D. Campo and R. Parentani. Decoherence and entropy of primordial fluctu-
ations. I: Formalism and interpretation. Phys. Rev. D 78, 065044 (2008).
arXiv:0805.0548.

D. Campo and R. Parentani. Decoherence and entropy of primordial fluc-
tuations II. The entropy budget. Phys. Rev. D 78, 065045 (2008). arXiv:
0805.0424.

A. Coutant and R. Parentani. Black hole lasers, a mode analysis. Phys.
Rev. D 81, 084042 (2010). arXiv:0912.2755.

A. Coutant, R. Parentani, and S. Finazzi. Black hole radiation with short
distance dispersion, an analytical S-matriz approach. Phys. Rev. D 85,
024021 (2012). arXiv:1108.1821.

C. Ciuti, P. Schwendimann, and A. Quattropani. Parametric luminescence
of microcavity polaritons. Phys. Rev. B 63, 041303 (2001).

C. Ciuti, P. Schwendimann, and A. Quattropani. Theory of polariton para-
metric interactions in semiconductor microcavities. Semiconductor Science
and Technology 18, S279 (2003).

T. Damour, N. Deruelle, and R. Ruffini. On Quantum Resonances in Sta-
tionary Geometries. Lett.Nuovo Cim. 15, 257 (1976).

F. Dalfovo, S. Giorgini, L. P. Pitaevskii, and S. Stringari. Theory of Bose-
Finstein condensation in trapped gases. Rev. Mod. Phys. 71, 463 (1999).

J. de Nova, F. Sols, and 1. Zapata. Violation of Cauchy-Schwarz inequalities
by spontaneous Hawking radiation in resonant boson structures. Phys. Rev.
A 89, 043808 (2014). arXiv:1211.1761.

S. Dubovsky and S. Sibiryakov. Spontaneous breaking of Lorentz invariance,
black holes and perpetuum mobile of the 2nd kind. Phys. Lett. B 638, 509
(2006). arXiv:hep-th/0603158.

C. Eling, B. Z. Foster, T. Jacobson, and A. C. Wall. Lorentz violation and
perpetual motion. Phys. Rev. D 75, 101502 (2007). arXiv:hep-th/0702124.

C. Eling and T. Jacobson. Two-dimensional gravity with o dynamical aether.
Phys. Rev. D 74, 084027 (2006). arXiv:gr-qc/0608052.

C. Eling, T. Jacobson, and D. Mattingly. FEinstein-Aether theory (World
Scientific, 2004). Deserfest, chap. 13, pp. 163-179. arXiv:gr-qc/0410001.

S. Finazzi and 1. Carusotto. FEntangled phonons in atomic Bose-Finstein
condensates. ArXiv e-prints (2013). arXiv:1309.3414.


http://dx.doi.org/10.1103/PhysRevD.78.065044
http://arxiv.org/abs/0805.0548
http://dx.doi.org/10.1103/PhysRevD.78.065045
http://arxiv.org/abs/0805.0424
http://arxiv.org/abs/0805.0424
http://dx.doi.org/10.1103/PhysRevD.81.084042
http://dx.doi.org/10.1103/PhysRevD.81.084042
http://arxiv.org/abs/0912.2755
http://dx.doi.org/10.1103/PhysRevD.85.024021
http://dx.doi.org/10.1103/PhysRevD.85.024021
http://arxiv.org/abs/1108.1821
http://dx.doi.org/10.1103/PhysRevB.63.041303
http://dx.doi.org/10.1103/RevModPhys.71.463
http://dx.doi.org/10.1103/PhysRevA.89.043808
http://dx.doi.org/10.1103/PhysRevA.89.043808
http://arxiv.org/abs/1211.1761
http://dx.doi.org/10.1016/j.physletb.2006.05.074
http://arxiv.org/abs/hep-th/0603158
http://dx.doi.org/10.1103/PhysRevD.75.101502
http://arxiv.org/abs/hep-th/0702124
http://dx.doi.org/10.1103/PhysRevD.74.084027
http://arxiv.org/abs/gr-qc/0608052
http://dx.doi.org/10.1142/9789812774804_0012
http://arxiv.org/abs/gr-qc/0410001
http://arxiv.org/abs/1309.3414

BIBLIOGRAPHY 211

[FF04]

[FP10]

[FP11]

[FP12]

[GC12]

[GHT7]

1GS10]

[GZ04]

[Haw75)

[HHH96]

[Hol13)|

[Hor09)

[HRFC10]

[HSR*11]

[Jac91]

P. O. Fedichev and U. R. Fischer. ’Cosmological’ quasiparticle production
in harmonically trapped superfluid gases. Phys. Rev. A 69, 033602 (2004).
arXiv:cond-mat/0303063.

S. Finazzi and R. Parentani. Black-hole lasers in Bose-FEinstein condensates.
New J. Phys. 12, 095015 (2010). arXiv:1005.4024.

S. Finazzi and R. Parentani. Spectral properties of acoustic black hole ra-
diation: broadening the horizon. Phys. Rev. D 83, 084010 (2011). arXiv:
1012.1556.

S. Finazzi and R. Parentani. Hawking radiation in dispersive theories, the
two regimes. Phys. Rev. D 85, 124027 (2012). arXiv:1202.6015.

D. Gerace and 1. Carusotto. Analog Hawking radiation from an acoustic
black hole in a flowing polariton superfluid. Phys. Rev. B 86, 144505 (2012).
arXiv:1206.4276.

G. W. Gibbons and S. W. Hawking. Cosmological Event Horizons, Ther-
modynamics, and Particle Creation. Phys. Rev. 15, 2738 (1977).

A. Giraud and J. Serreau. Decoherence and thermalization of a pure quantum
state in quantum field theory. Phys. Rev. Lett. 104, 230405 (2010). arXiv:
0910.2570.

C. Gardiner and P. Zoller. Quantum Noise:Springer Series in Synergetics
(Springer, 2004).

S. W. Hawking. Particle Creation by Black Holes. Commun. Math. Phys.
43,199 (1975).

M. Horodecki, P. Horodecki, and R. Horodecki. Separability of mixed states:
necessary and sufficient conditions. Physics Letters A 223, 1 (1996).

S. Hollands. Correlators, Feynman diagrams, and quantum no-hair in de-
Sitter spacetime. Commun. Math. Phys. 319, 1 (2013). arXiv:1010.5367.

P. Horava. Quantum Gravity at a Lifshitz Point. Phys. Rev. D 79, 084008
(2009). arXiv:0901.3775.

B. Horstmann, B. Reznik, S. Fagnocchi, and J. Cirac. Hawking Radiation
from an Acoustic Black Hole on an Ion Ring. Phys. Rev. Lett. 104, 250403
(2010). arXiv:0904.4801.

B. Horstmann, R. Schutzhold, B. Reznik, S. Fagnocchi, and J. I. Cirac.
Hawking Radiation on an Ion Ring in the Quantum Regime. New J. Phys.
13, 045008 (2011). arXiv:1008.3494.

T. Jacobson. Black hole evaporation and ultrashort distances. Phys. Rev. D
44,1731 (1991).


http://dx.doi.org/10.1103/PhysRevA.69.033602
http://arxiv.org/abs/cond-mat/0303063
http://dx.doi.org/10.1088/1367-2630/12/9/095015
http://arxiv.org/abs/1005.4024
http://dx.doi.org/10.1103/PhysRevD.83.084010
http://arxiv.org/abs/1012.1556
http://arxiv.org/abs/1012.1556
http://dx.doi.org/10.1103/PhysRevD.85.124027
http://arxiv.org/abs/1202.6015
http://dx.doi.org/10.1103/PhysRevB.86.144505
http://arxiv.org/abs/1206.4276
http://dx.doi.org/10.1103/PhysRevD.15.2738
http://dx.doi.org/10.1103/PhysRevLett.104.230405
http://arxiv.org/abs/0910.2570
http://arxiv.org/abs/0910.2570
http://dx.doi.org/10.1007/BF02345020
http://dx.doi.org/10.1007/BF02345020
http://dx.doi.org/10.1016/S0375-9601(96)00706-2
http://dx.doi.org/10.1007/s00220-012-1653-2
http://arxiv.org/abs/1010.5367
http://dx.doi.org/10.1103/PhysRevD.79.084008
http://arxiv.org/abs/0901.3775
http://dx.doi.org/10.1103/PhysRevLett.104.250403
http://arxiv.org/abs/0904.4801
http://dx.doi.org/10.1088/1367-2630/13/4/045008
http://dx.doi.org/10.1088/1367-2630/13/4/045008
http://arxiv.org/abs/1008.3494
http://dx.doi.org/10.1103/PhysRevD.44.1731
http://dx.doi.org/10.1103/PhysRevD.44.1731

212
|Jac93|

| Jac96]

[Jac99]

[JMO1a]

[IMO1b]

[IMPO6)

[7P03]

[JPOS]

[JPB+12]

[JW10]

[KJD+12]

[KLS97]

[KWOL|

[KW14]

|Leo97|

BIBLIOGRAPHY

T. Jacobson. Black hole radiation in the presence of a short distance cutoff.
Phys. Rev. D 48, 728 (1993). arXiv:hep-th/9303103.

T. Jacobson. On the origin of the outgoing black hole modes. Phys. Rev. D
53, 7082 (1996). arXiv:hep-th/9601064.

T. Jacobson. Trans Planckian redshifts and the substance of the space-time
river. Prog. Theor. Phys. Suppl. 136, 1 (1999). arXiv:hep-th/0001085.

T. Jacobson and D. Mattingly. Generally covariant model of a scalar field
with high frequency dispersion and the cosmological horizon problem. Phys.
Rev. D 63, 041502 (2001). arXiv:hep-th/0009052.

T. Jacobson and D. Mattingly. Gravity with a dynamical preferred frame.
Phys. Rev. D 64, 024028 (2001). arXiv:gr-qc/0007031.

E. Joung, J. Mourad, and R. Parentani. Group theoretical approach to
quantum fields in de Sitter space. I. The Principle series. JHEP 0608,
082 (2006). arXiv:hep-th/0606119.

T. Jacobson and R. Parentani. Horizon entropy. Found. Phys. 33, 323
(2003). arXiv:gr-qc/0302099.

T. Jacobson and R. Parentani. Horizon surface gravity as 2d geodesic ex-
pansion. Class. Quant. Grav. 25, 195009 (2008). arXiv:0806.1677.

J.-C. Jaskula et al. Acoustic analog to the dynamical casimir effect in a
bose-einstein condensate. Phys. Rev. Lett. 109, 220401 (2012).

T. Jacobson and A. C. Wall. Black Hole Thermodynamics and Lorentz
Symmetry. Found. Phys. 40, 1076 (2010). arXiv:0804.2720.

K. V. Kheruntsyan et al. Violation of the cauchy-schwarz inequality with
matter waves. Phys. Rev. Lett. 108, 260401 (2012).

L. Kofman, A. D. Linde, and A. A. Starobinsky. Towards the theory
of reheating after inflation. Phys. Rev. D 56, 3258 (1997). arXiv:
hep-ph/9704452.

B. S. Kay and R. M. Wald. Theorems on the Uniqueness and Thermal
Properties of Stationary, Nonsingular, Quasifree States on Space-Times with
a Bifurcate Killing Horizon. Phys. Rept. 207, 49 (1991).

S. Koghee and M. Wouters. Dymamical Casimir emission from polariton
condensates. Phys. Rev. Lett. 112, 036406 (2014). arXiv:1303.1027.

U. Leonhardt. Measuring the Quantum State of LightCambridge Studies in
Modern Optics (Cambridge University Press, 1997).


http://dx.doi.org/10.1103/PhysRevD.48.728
http://arxiv.org/abs/hep-th/9303103
http://dx.doi.org/10.1103/PhysRevD.53.7082
http://dx.doi.org/10.1103/PhysRevD.53.7082
http://arxiv.org/abs/hep-th/9601064
http://dx.doi.org/10.1143/PTPS.136.1
http://arxiv.org/abs/hep-th/0001085
http://dx.doi.org/10.1103/PhysRevD.63.041502
http://dx.doi.org/10.1103/PhysRevD.63.041502
http://arxiv.org/abs/hep-th/0009052
http://dx.doi.org/10.1103/PhysRevD.64.024028
http://arxiv.org/abs/gr-qc/0007031
http://dx.doi.org/10.1088/1126-6708/2006/08/082
http://dx.doi.org/10.1088/1126-6708/2006/08/082
http://arxiv.org/abs/hep-th/0606119
http://dx.doi.org/10.1023/A:1023785123428
http://arxiv.org/abs/gr-qc/0302099
http://dx.doi.org/10.1088/0264-9381/25/19/195009
http://arxiv.org/abs/0806.1677
http://dx.doi.org/10.1103/PhysRevLett.109.220401
http://dx.doi.org/10.1007/s10701-010-9423-5
http://arxiv.org/abs/0804.2720
http://dx.doi.org/10.1103/PhysRevLett.108.260401
http://dx.doi.org/10.1103/PhysRevD.56.3258
http://arxiv.org/abs/hep-ph/9704452
http://arxiv.org/abs/hep-ph/9704452
http://dx.doi.org/10.1016/0370-1573(91)90015-E
http://dx.doi.org/10.1103/PhysRevLett.112.036406
http://arxiv.org/abs/1303.1027

BIBLIOGRAPHY 213

[LKOO3]

[LL75]

[LL96]

[LLMUO02]

[LNMSO05]

[LPHH13]

IMBO1]

[MC81]

[MC82]

[MC03]

[MF53]

[MFB92

[MM11a]

[MMT11b]

[MOO6|

U. Leonhardt, T. Kiss, and P. Ohberg. Theory of elementary excitations
in unstable bose-einstein condensates and the instability of sonic horizons.
Phys. Rev. A 67, 033602 (2003). arXiv:cond-mat/0211462.

L. Landau and . Lifshitz. The Classical Theory of Fields, Course of theo-
retical physics No. vol. 2 (Butterworth-Heinemann, 1975).

L. D. Landau and E. M. Lifshitz. Statistical Physics, Course of theoretical
physics No. vol. 5 (Elsevier Science, 1996).

M. Lemoine, M. Lubo, J. Martin, and J.-P. Uzan. The Stress energy tensor
for transPlanckian cosmology. Phys. Rev. D 65, 023510 (2002). arXiv:
hep-th/0109128.

D. Lopez Nacir, F. Mazzitelli, and C. Simeone. Renormalized stress tensor
for trans-Planckian cosmology. Phys. Rev. D 72, 124013 (2005). arXiv:
gr-qc/0511046.

P. Lahteenmiki, G. S. Paraoanu, J. Hassel, and P. J. Hakonen. Dynamical
casimir effect in a josephson metamaterial. Proceedings of the National
Academy of Sciences 110, 4234 (2013).

J. Martin and R. Brandenberger. The TransPlanckian problem of inflation-
ary cosmology. Phys. Rev. D 63, 123501 (2001). arXiv:hep-th/0005209.

V. F. Mukhanov and G. Chibisov. Quantum Fluctuation and Nonsingular
Universe. (In Russian). JETP Lett. 33, 532 (1981).

V. F. Mukhanov and G. V. Chibisov. The Vacuum energy and large scale
structure of the universe. Sov. Phys. JETP 56, 258 (1982).

C. Mora and Y. Castin. Eztension of bogoliubov theory to quasicondensates.
Phys. Rev. A 67, 053615 (2003).

P. Morse and H. Feshbach. Methods of theoretical physics, International
series in pure and applied physics No. vol. 1 (McGraw-Hill, 1953).

V. F. Mukhanov, H. Feldman, and R. H. Brandenberger. Theory of cos-
mological perturbations. Part 1. Classical perturbations. Part 2. Quantum
theory of perturbations. Part 3. Extensions. Phys. Rept. 215, 203 (1992).

D. Marolf and I. A. Morrison. The IR stability of de Sitter QFT: Physical
initial conditions. Gen. Rel. Grav. 43, 3497 (2011). arXiv:1104.4343.

D. Marolf and I. A. Morrison. The IR stability of de Sitter QFT: results at
all orders. Phys. Rev. D 84, 044040 (2011). arXiv:1010.5327.

O. Morsch and M. Oberthaler. Dynamics of bose-einstein condensates in
optical lattices. Rev. Mod. Phys. 78, 179 (2006).


http://dx.doi.org/10.1103/PhysRevA.67.033602
http://arxiv.org/abs/cond-mat/0211462
http://dx.doi.org/10.1103/PhysRevD.65.023510
http://arxiv.org/abs/hep-th/0109128
http://arxiv.org/abs/hep-th/0109128
http://dx.doi.org/10.1103/PhysRevD.72.124013
http://arxiv.org/abs/gr-qc/0511046
http://arxiv.org/abs/gr-qc/0511046
http://dx.doi.org/10.1073/pnas.1212705110
http://dx.doi.org/10.1073/pnas.1212705110
http://dx.doi.org/10.1103/PhysRevD.63.123501
http://arxiv.org/abs/hep-th/0005209
http://dx.doi.org/10.1103/PhysRevA.67.053615
http://dx.doi.org/10.1016/0370-1573(92)90044-Z
http://dx.doi.org/10.1007/s10714-011-1233-3
http://arxiv.org/abs/1104.4343
http://dx.doi.org/10.1103/PhysRevD.84.044040
http://arxiv.org/abs/1010.5327
http://dx.doi.org/10.1103/RevModPhys.78.179

214
[Mot85]

[MP96a]

[MP96b)|

[MP98|

[MPOS]|

[MP09a]

[MPO9b)|

[MTW73]

[Muko5]

[MWO93]

|NieO1|

[NJBN12

INPO1]

[Par69)

[Par07]

BIBLIOGRAPHY

E. Mottola. Particle Creation in de Sitter Space. Phys. Rev. D 31, 754
(1985).

S. Massar and R. Parentani. From vacuum fluctuations to radiation. 2.
Black holes. Phys. Rev. D 54, 7444 (1996).

S. Massar and R. Parentani. From vacuum fluctuations to radiation: Ac-
celerated detectors and black holes. Phys. Rev. D 54, 7426 (1996). arXiv:
gr-qc/9502024.

S. Massar and R. Parentani. Particle creation and nonadiabatic transi-
tions in quantum cosmology. Nucl. Phys. B 513, 375 (1998). arXiv:
gr-qc/9706008.

J. Macher and R. Parentani. Signatures of trans-Planckian dispersion in
inflationary spectra. Phys. Rev. D 78, 043522 (2008). arXiv:0804.1920.

J. Macher and R. Parentani. Black-hole radiation in Bose-Einstein conden-
sates. Phys. Rev. A 80, 043601 (2009). arXiv:0905.3634.

J. Macher and R. Parentani. Black/White hole radiation from dispersive
theories. Phys. Rev. D 79, 124008 (2009). arXiv:0903.2224.

C. W. Misner, K. S. Thorne, and J. A. Wheeler. Gravitation (Physics
Series), First edition ed. (W. H. Freeman, 1973).

V. Mukhanov. Physical Foundations of Cosmology (Cambridge University
Press, 2005).

L. Mandel and E. Wolf. Optical Coherence and Quantum Optics (Cambridge
University Press, 1995).

J. C. Niemeyer. Inflation with o Planck scale frequency cutoff. Phys. Rev.
D 63, 123502 (2001). arXiv:astro-ph/0005533.

P. Nation, J. Johansson, M. Blencowe, and F. Nori. Stimulating Uncertainty:
Amplifying the Quantum Vacuum with Superconducting Circuits. Rev. Mod.
Phys. 84, 1 (2012). arXiv:1103.0835.

J. C. Niemeyer and R. Parentani. Transplanckian dispersion and scale in-
variance of inflationary perturbations. Phys. Rev. D 64, 101301 (2001).
arXiv:astro-ph/0101451.

L. Parker. Quantized fields and particle creation in expanding universes. 1.
Phys.Rev. 183, 1057 (1969).

R. Parentani. Constructing QFT’s wherein Lorentz invariance is broken by
dissipative effects in the UV. PoS QG-PH, 031 (2007). arXiv:0709.3943.


http://dx.doi.org/10.1103/PhysRevD.31.754
http://dx.doi.org/10.1103/PhysRevD.54.7444
http://dx.doi.org/10.1103/PhysRevD.54.7426
http://arxiv.org/abs/gr-qc/9502024
http://arxiv.org/abs/gr-qc/9502024
http://dx.doi.org/10.1016/S0550-3213(97)00718-9
http://arxiv.org/abs/gr-qc/9706008
http://arxiv.org/abs/gr-qc/9706008
http://dx.doi.org/10.1103/PhysRevD.78.043522
http://arxiv.org/abs/0804.1920
http://dx.doi.org/10.1103/PhysRevA.80.043601
http://arxiv.org/abs/0905.3634
http://dx.doi.org/10.1103/PhysRevD.79.124008
http://arxiv.org/abs/0903.2224
http://dx.doi.org/10.1103/PhysRevD.63.123502
http://dx.doi.org/10.1103/PhysRevD.63.123502
http://arxiv.org/abs/astro-ph/0005533
http://dx.doi.org/10.1103/RevModPhys.84.1
http://dx.doi.org/10.1103/RevModPhys.84.1
http://arxiv.org/abs/1103.0835
http://dx.doi.org/10.1103/PhysRevD.64.101301
http://arxiv.org/abs/astro-ph/0101451
http://dx.doi.org/10.1103/PhysRev.183.1057
http://arxiv.org/abs/0709.3943

BIBLIOGRAPHY 215

[Par10)]

[Pit84]

[PRO7|

[PS95)

[PS02]

[PS03]

[RMM+08]

[Rob11]

[Rob12]

SC10]

[Ser11]

[Shi]

[Sim00]

ISLCO02

5S76]

R. Parentani. From vacuum fluctuations across an event horizon to long
distance correlations. Phys. Rev. D 82, 025008 (2010). arXiv:1003.3625.

L. P. Pitaevskii. Layered structure of superfluid *He with supercritical mo-
tion. Soviet Journal of Experimental and Theoretical Physics Letters 39,
511 (1984).

T. Prokopec and G. 1. Rigopoulos. Decoherence from Isocurvature pertur-
bations in Inflation. JCAP 0711, 029 (2007). arXiv:astro-ph/0612067.

M. Peskin and D. Schroeder. An Introduction to Quantum Field The-
oryAdvanced book classics (Addison-Wesley Publishing Company, 1995).

C. Pethick and H. Smith. Bose-FEinstein Condensation in Dilute Gases
(Cambridge University Press, 2002).

L. Pitaevskii and S. Stringari. Bose-Finstein CondensationInternational
Series of Monographs on Physics (Clarendon Press, 2003).

G. Rousseaux, C. Mathis, P. Maissa, T. G. Philbin, and U. Leonhardt.
Observation of negative phase velocity waves in a water tank: A classical
analogue to the Hawking effect? New J. Phys. 10, 053015 (2008). arXiv:
0711.4767.

S. J. Robertson. Hawking Radiation in Dispersive Media (2011). arXiv:
1106.1805.

S. J. Robertson. The theory of Hawking radiation in laboratory analogues.
J. Phys. B 45, 163001 (2012).

D. Sarchi and 1. Carusotto. Near-field intensity correlations in parametric
photoluminescence from a planar microcavity. Phys. Rev. B 81, 075320
(2010).

J. Serreau. Effective potential for quantum scalar fields on a de Sitter ge-
ometry. Phys. Rev. Lett. 107, 191103 (2011). arXiv:1105.4539.

G. Shlyapnikov. Ultracold quantum gases, part 1: Bose-condensed gases.
unpublished.

R. Simon. Peres-Horodecki Separability Criterion for Continuous Variable
Systems. Phys. Rev. Lett. 84, 2726 (2000).

A. Sinatra, C. Lobo, and Y. Castin. The truncated wigner method for bose-
condensed gases: limits of validity and applications. Journal of Physics B:
Atomic, Molecular and Optical Physics 35, 3599 (2002).

C. Schomblond and P. Spindel. Unicity Conditions of the Scalar Field Prop-
agator Delta(1) (x,y) in de Sitter Universe. Annales Poincare Phys.Theor.
25, 67 (1976).


http://dx.doi.org/10.1103/PhysRevD.82.025008
http://arxiv.org/abs/1003.3625
http://dx.doi.org/10.1088/1475-7516/2007/11/029
http://arxiv.org/abs/astro-ph/0612067
http://dx.doi.org/10.1088/1367-2630/10/5/053015
http://arxiv.org/abs/0711.4767
http://arxiv.org/abs/0711.4767
http://arxiv.org/abs/1106.1805
http://arxiv.org/abs/1106.1805
http://dx.doi.org/10.1088/0953-4075/45/16/163001
http://dx.doi.org/10.1103/PhysRevB.81.075320
http://dx.doi.org/10.1103/PhysRevLett.107.191103
http://arxiv.org/abs/1105.4539
http://dx.doi.org/10.1103/PhysRevLett.84.2726

216
|Sta79]

[Sta82]

[SU02|

[SU10]

[Tol30)]

[Unr76|
[Unr81|

[Unr95|

|[Unr12]

[US05]

[UZ89]

[VW02]

[Wal94]

[Weio6]

[Wers9)]

[WIP*11]

[WMO5]

BIBLIOGRAPHY

A. A. Starobinsky. Spectrum of relict gravitational radiation and the early
state of the universe. JETP Lett. 30, 682 (1979).

A. A. Starobinsky. Dynamics of Phase Transition in the New Inflationary
Universe Scenario and Generation of Perturbations. Phys. Lett. B 117, 175
(1982).

R. Schutzhold and W. G. Unruh. Gravity wave analogs of black holes. Phys.
Rev. D 66, 044019 (2002). arXiv:gr-qc/0205099.

R. Schutzhold and W. G. Unruh. On Quantum Correlations across the Black
Hole Horizon. Phys. Rev. D 81, 124033 (2010). arXiv:1002.1844.

R. C. Tolman. On the Weight of Heat and Thermal Equilibrium in General
Relativity. Phys. Rev. 35, 904 (1930).

W. Unruh. Notes on black hole evaporation. Phys. Rev. D 14, 870 (1976).

W. Unruh. Ezperimental black hole evaporation. Phys. Rev. Lett. 46, 1351
(1981).

W. Unruh. Sonic analog of black holes and the effects of high frequencies on
black hole evaporation. Phys. Rev. D 51, 2827 (1995).

W. Unruh. Irrotational, two-dimensional Surface waves in fluids (2012).
arXiv:1205.6751.

W. G. Unruh and R. Schutzhold. On the universality of the Hawking effect.
Phys. Rev. D 71, 024028 (2005). arXiv:gr-qc/0408009.

W. Unruh and W. Zurek. Reduction of a Wave Packet in Quantum Brownian
Motion. Phys. Rev. D 40, 1071 (1989).

G. Vidal and R. Werner. Computable measure of entanglement. Phys. Rev.
A 65, 032314 (2002).

R. Wald. Quantum field theory in curved spacetime and black hole thermo-
dynamicsChicago lectures in physics (University of Chicago Press, 1994).

S. Weinberg. The Quantum Theory of Fields, The Quantum Theory of Fields
3 Volume Hardback Set No. vol. 2 (Cambridge University Press, 1996).

R. F. Werner. Quantum states wi th einstein-podolsky-rosen correlations
admitting a hidden-variable model. Phys. Rev. A 40, 4277 (1989).

C. M. Wilson et al. Observation of the dynamical casimir effect in a super-
conducting circuit. Nature 479, 376-379 (2011). arXiv:1105.4714.

D. F. Walls and G. Milburn. Quantum opticsSpringer Study Edition
(Springer-Verlag, 1995).


http://dx.doi.org/10.1016/0370-2693(82)90541-X
http://dx.doi.org/10.1103/PhysRevD.66.044019
http://dx.doi.org/10.1103/PhysRevD.66.044019
http://arxiv.org/abs/gr-qc/0205099
http://dx.doi.org/10.1103/PhysRevD.81.124033
http://arxiv.org/abs/1002.1844
http://dx.doi.org/10.1103/PhysRev.35.904
http://dx.doi.org/10.1103/PhysRevD.14.870
http://dx.doi.org/10.1103/PhysRevLett.46.1351
http://dx.doi.org/10.1103/PhysRevD.51.2827
http://arxiv.org/abs/1205.6751
http://dx.doi.org/10.1103/PhysRevD.71.024028
http://arxiv.org/abs/gr-qc/0408009
http://dx.doi.org/10.1103/PhysRevD.40.1071
http://dx.doi.org/10.1103/PhysRevA.65.032314
http://dx.doi.org/10.1103/PhysRevA.65.032314
http://dx.doi.org/10.1103/PhysRevA.40.4277
http://dx.doi.org/10.1038/nature10561
http://arxiv.org/abs/1105.4714

BIBLIOGRAPHY 217

[WRO1] I. Wolfram Research. Hypergeometricpfq. http://functions.wolfram.
com/07.25.06.0009.01, 2001.

[WTP*11] S. Weinfurtner, E. W. Tedford, M. C. Penrice, W. G. Unruh, and G. A.
Lawrence. Measurement of stimulated Hawking emission in an analogue
system. Phys. Rev. Lett. 106, 021302 (2011). arXiv:1008.1911.

|[ZAPS11| 1. Zapata, M. Albert, R. Parentani, and F. Sols. Resonant Hawking radiation
in Bose-Finstein condensates. New J. Phys. 13, 063048 (2011). arXiv:
1103.2994.


http://functions.wolfram.com/07.25.06.0009.01
http://functions.wolfram.com/07.25.06.0009.01
http://dx.doi.org/10.1103/PhysRevLett.106.021302
http://arxiv.org/abs/1008.1911
http://dx.doi.org/10.1088/1367-2630/13/6/063048
http://arxiv.org/abs/1103.2994
http://arxiv.org/abs/1103.2994

	Notations
	Introduction
	I About particle production
	Introduction
	From the parametric amplifier to pair particle production
	Classical parametric amplifier
	Parametric amplifier in quantum mechanics
	Relativity
	Field theory
	Conclusions

	Notion of separability
	Quantum mechanics
	Peres Horodecki criterion
	Conclusions


	II Quantum effects in de Sitter space
	Introduction
	Geometry
	de Sitter space
	de Sitter group
	Affine group
	P-representation
	Conclusions

	Dispersive fields in de Sitter space
	Fields in de Sitter space
	The consequences of Lorentz violations
	Quartic superluminal dispersion
	Conclusions

	Dissipative fields in de Sitter space
	Covariant settings for dissipative field
	Homogeneous picture
	Stationary picture
	Conclusions

	Black hole-de Sitter correspondence
	Black hole space time
	Correspondence in the absence of dissipation
	Analogy in the presence of dissipation
	Flux and long distance correlations
	Conclusions


	III Analogue gravity
	Introduction
	Bose condensation and analogue gravity
	Condensation of an ultracold quantum gas
	Phonon field
	Observables
	A particular system, polaritons
	Conclusions

	Dissipative phonons
	Actions for dissipative phonons
	The dispersive case
	The dissipative case
	Conclusions

	Dissipative condensates
	The physical system and the equations of motion
	The stationary state
	Phonon pair production by a sudden modulation
	Conclusions

	Separability of analogue black hole radiation
	The system
	Domains of nonseparability
	Different cases
	Conclusions

	Conclusions and perspectives
	Acknowledgments
	Appendices
	Modulated DCE
	Time-dependence in homogeneous media
	First effects of modulation
	Weak dissipation
	Conclusions

	Bibliography


