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Abstract

Gyroscopic systems in classical and quantum field theory are characterized by the presence of at least
two scalar degrees of freedom and by terms that mix fields and their time derivatives in the quadratic
Lagrangian. In Minkowski spacetime, they naturally appear in the presence of a coupling among fields
with time-dependent vacuum expectation values and fields with space-dependent vacuum expectation
values, breaking spontaneously Lorentz symmetry; this is the case for a supersolid. In a cosmological
background a gyroscopic system can also arise from the time dependence of non-diagonal kinetic and
mass matrices. We study the classical and quantum dynamics computing the correlation functions on
the vacuum state that minimizes the energy. Two regions of stability in parameter space are found:
in one region, dubbed normal, the Hamiltonian is positive defined, while in the second region, dubbed
anomalous, it has no definite sign. Interestingly, in the anomalous region the 2-point correlation
function exhibits a resonant behaviour in a certain region of parameter space. We show that as
dynamical a dark energy (with an exact equation of state w = —1) arises naturally as a gyroscopic
system.
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1 Introduction

The study of quadratic Lagrangian systems is the starting point for the analysis of classical /quantum
solvable systems. Gyroscopic systems are a particular class of Lagrangians/Hamiltonians, character-
ized by rather surprising features even at linear level dynamics. The above systems [I] (defined on a
Minkowski background) are characterized by N-degrees of freedom with N > 1 and their dynamics is
described by the following Lagrangian and corresponding equations of motion

1. ) o1 . .
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where I, D and M are N x N constant matrices with the following properties: K is symmetric and
positive defined, D is antisymmetric while M is just symmetric.

The defining property is the presence of non-dissipative velocity-dependent forces, described, in the
classical mechanics picture, by the antisymmetric matrix D # 0. Gyroscopic systems can be found in
many area of physics and engineerin@, for a fascinating review see [2]. Such systems have a number
of unusual features.

e Stability is realized in a peculiar way. Beyond a normal stability region where the mass matrix
M is positive defined (we call such a parameter space region, the normal stability region), it
exists a stability region also for negative defined mass matrix M and the matrix D results larger
that a critical value D. (D > D,); we call such a parameter space region, the gyroscopic or
anomalous region.

e Despite of the fact the Hamiltonian is time-independent and then system is conservative, time
reversal symmetry is violated by the presence of single time derivative operator ¢ ¢ proportional
to the D matrix [3] in the Lagrangian.

e On a Minkowski background, as a consequence of the spontaneous breaking of Lorentz invariance
down to the rotational group, the elementary excitations can be interpreted as phonon-like modes
of a supersolid; namely a solid coupled with a superfluid. Symmetry arguments imply the term D
in the quadratic Lagrangian exists only when scalar fields with non-trivial vacuum configurations
are coupled together.

e The quantisation of the system with a Fock representation of the canonical commutation rela-
tion is feasible only after a suitable diagonalisation of the Hamiltonian which can be written as
a set of decoupled harmonic oscillators. In the Lagrangian approach such a decoupling cannot
be achieved. As a general result, while in the normal stability region the Hamiltonian is posi-
tive defined, in the gyroscopic (or anomalous) region the Hamiltonian results negative defined
showing an intriguing connection of a gyroscopic system with the Pais-Uhlenbeck oscillator. In-
terestingly, the long standing problem of the stability for interaction Pais-Uhlenbeck oscillator
was recently reconsidered [4] and the resonant behavior of the 2-point correlation that we found
in the anomalous region plays an important role.

On a generic time-dependent background the matrices K, D and M are naturally time-dependent and
the definition of a gyroscopic system is ambiguous due to the possibility of performing time- dependent
field transformations. Focusing on the case of two scalar degrees of freedom, which represent the
minimal field content for a gyroscopic systenﬂ, we show that it possible by a suitable set of time-
dependent Lagrangian field transformation to bring the system in a canonical form where the kinetic
matrix K is the identity, the mass matrix is diagonal and D, = d. €4, where €55 = —€pq, a,b =
1,2 and €12 = 1. In its canonical form, a system is unambiguously gyroscopic if d. # 0 and it is
characterized by three time dependent parameters: d. and the diagonal entries of the mass matrix.
In this framework we study when d. # 0. Generally speaking, gyroscopic systems can manifest when
some of the fields acquire a non-trivial background spacetime dependent “vacuum”, a behavior present

!Dissipation can be described by adding to D a symmetric part.
2The result be generalised to the case a generic even number scalar fields.



in many multi-field systems, see for example the effective description of media [5] [6] [7, [8], massive
gravity [9] 10, 11} single [I2] and multi-field inflation [13], solid and supersolid inflation [14, [15] [16]
and holography [17] [I§].

2 Scalar Fields and Vacuum Configurations

We are interested in the study of systems characterized by a set of N scalar fields {®4, A=1,--- N}
such that some of them acquire a non-trivial spacetime dependent vacuum expectation value (vev) that
describes the background configuration of the system. Therefore the fields are split in a background
configuration ¢# plus a fluctuation p*

DA = ¢ 4t (2.1)

The fields {¢?} are associated to the classical/quantum small fluctuations. For instance, in the
effective description of fluid dynamics, the background configuration of the fluid is described by ¢
while the phonon excitations are described by 4. It is useful to distinguish the fields according to
the nature of their vev; namely

e fields with zero vev ¢ = 0 and fluctuations p4 = Z4;

e fields with a time-dependent vev, for example ¢4 = ¢ ¢, and fluctuations p? = T4;

o fields with #-dependent vev ¢# = cj‘ 27 and fluctuations ¢? = 4.

Our goal is to study the dynamics of . We shall consider the case where the underlying symmetry
group of the background spacetime is partial broken by scalar fields configuration ¢* in such a way
that spatial translations and rotations stay unbroken. Barring accidental cancellations, translational
invariance requires that spatial derivatives 9;¢* must be constant. In the case of fields with -
dependent vev it implies that ¢ = ¢! = 2°. In order to automatically implement such a constraint,
we always require a shift symmetry for the fields with an Z-spatial vev, namely

Spatial vev fields :  ®! — ®! 4+ constant if ¢! =a', 1=1,2,3 (2.2)

where now n denote the number of different fields. In other words, being interested in systems where
spatial rotations are always unbroken, in 3+1 dimensions the minimal number of Z-spatial vev fields
is three. A triplet of scalar fields {®%, a = 1,2, 3} is transforming as the fundamental representation
of an internal SO(3); symmetry group of the system. The vev induces the following spontaneous
breaking pattern

SO(3) x SO(3)r = SO(3)p . (2.3)

In general the total number of fields with an Z-spatial vev consists of n triplet of SO(3);. Then for
each fluctuation we can use the Helmholtz decomposition

0;

pr=¢l =8 =—2=5,+V, aVi=0, i=1,23 (2.4)
V2

to extract the scalar S, and the vector V! components. Being interested in the scalar sector, only S,
will be relevant for us.

For the fields with a time dependent vev, a shift symmetry is not strictly necessary, in particular when
also the background is breaking time diff as in FRW. On the contrary when we work in a Minkowski
spacetime and as soon as we require an EFT with thermodynamical properties [7], also the temporal
vev fields have to be shift symmetric.

The dynamics of the fluctuations can be found by studying the structure of all operators (with up to
two derivatives) consistent with rotations. At the quadratic level we have the following classification
scheme:

e Operators with no derivatives:
O5P = P (2.5)



e Operators with one derivative:
OB = ;01 o8, OAB = pA B (2.6)
e Operators with two derivatives:
027 =dip" 059", 0P =0ip% %, OfP = ¢2p". (2.7)

To produce a rotational invariant quadratic Lagrangian £, the indices in {O,} should be saturated
by using the only two available invariant tensors d;; and €;;,. The result is

L=Ly+ L1 —Loy; (2.8)
where
Ly =K Oy; (2.9)
L, =DY .0, + D) .0, ; (2.10)
Lo=MO. 0+ MD .0, + M .0,,; (2.11)

and - stands for rotational invariant contractions of the relevant indices. The term Lo has two time
derivatives and represents the kinetic term while £y with no time derivatives is a mass term. Beside
a rather standard kinetic matrix K 4p and a mass matrix M 4p, the peculiar term is the one linear
in the time derivative of the fluctuations and proportional to D4p; the presence of such a term is the
defining property of a gyroscopic system. Notice that the kinetic matrix K and the mass matrix M
are symmetric by construction, while one can take D = —D? by adding/subtracting a total derivative
term. Indeed, by splitting D as a symmetric D°) and an antisymmetric DY) part, the former can
be cast into a mass term up to a total derivative

S) . S S
Dy a5 = 5Das = (Paen) ®) )

d 1.
YT (DAB A SDB) - EDAB PAPB - (2.12)
When the structure of the Lagrangian is further restricted by imposing a shift symmetry on all scalar
fields, namely

d4 — d4 + constant, (2.13)

then all operators with a single or zero derivatives (temporal or spatial) are forbidden and the structure
of the shift symmetric Lagrangian reduces to

Eshift =K Oy + D(tz) O — M(mm) O - (214)

Notice that even if (ZI3]) is imposed, the presence of D) breaks time reversal symmetry. In table [I]
we show the structure of the quadratic Lagrangian depending on the type of vevs and on the internal
shift symmetries imposed. In the general case the Lagrangian £ contains all the operators. In the
Lorentz invariant (LI) case, when the very same symmetries of Minkowski space are imposed, the
system cannot be gyroscopic.

The special cases with only t-dependent vev fields T4 (case Lr), Z-dependent vev fields S,, (case
Ls) or both (case Lrg) is presented. For the rest of the paper we will assume the presence of two
scalar degrees of freedom (N = 2) so that all matrices will be 2x2. In Fourier space where

3
ot = [zt o= (7)) (2.15)

the reality of the fields ¢(t,x) = @(t,x)* imposes that ¢(t) = p_k(t)* or p_g(t) = @r(t)*. The
Lagrangian (where only the time derivatives of the fields appear) takes the form (see [ for more
details)

1, ; ) 1
L= 5o Kor+ et Dok — 5 o M (2.16)
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Table 1: Structure of the quadratic Lagrangian. The suffix shift indicates the presence of the complete
shift symmetry (2Z13). T(S) stands for field with only time-dependent (space-dependent) vev while T'S
underline that fields with both time-dependent and space-dependent vev are present. In the Lorentz
invariant (LI) case the very same symmetries of Minkowski space are imposed.

| [K DU D@ MO MO M0 |
v v Y v
v

v v
v

D

B
SNEN/ENEN/ENENEN/ENEN
SNEN/ENEN/ENENEN/ENEN

where the IC, D and M matrices absorbed the k dependence of the spatial derivative of the fields.
Further, the structure of the D matrix is fixed to be

D=dJ, J-= (_01 é) (2.17)

and d is a real parameter (where the integration by parts (ZI2]) has been used to have D antisymmet-
ric). Few comments are in order. Spatial derivatives 9, in Fourier space are replaced by i k and the
“mass” matrix M, kinetic mixing term D and the kinetic matrix IC are both time and k-dependent.
In the following we will study the k dependence of (2I6) in detail. To end up this chapter we see
that a gyroscopic system with D # 0 can be generated essentially

e when D) = 0: in this case we need interactions between T fields that are not protected by
shift symmetry (typically present in FRW backgrounds and not in Minkowski space);

e when D(**) =£ 0: in this case we need interactions between T and S,, fields and are present also
for shift symmetry Lagrangians (i.e. in Minkowski background and for the description of the
Goldstone modes of ideal thermodynamical system).

This definition of gyroscopic systems is then valid both in Minkowski space and in FRW backgrounds.

3 Canonical form of a Gyroscopic system

Taking into account the presence of non-trivial vacuum configuration, one finds that the most general
structure for the quadratic Lagrangian is of the form (2.I6). We stress again that to get the form
[2I6) we have used only integration by parts without modifying the original equations of motion.
Consider now a general linear Lagrangian field transformation ¢ — F'(t) ¢, with F' an invertible time-
dependent matrix. Obviously, a time-dependent transformation will lead again to a Lagrangian of the
form (ZI6) but with different matrices K, D and M; in particular such a transformation can induce
an effective D that characterises a gyroscopic system, even if it was zero in the original field variables.
Indeed, the effect of the above transformation on the equations of motion is the following

e=Ft)Q = (KF)Q-2(DF-KF)Q+MF+KEF+DF)Q=0. (3.1)
N————
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When F # 0 an effective D generically arises. As shown in appendix [A] in order to remove such
ambiguity one can always make a suitable linear Lagrangian field redefinition (time-dependent in
general) to put the matrices entering (2.I0) in the following canonical form

2
K=I, D—oD=d.J. M—>M:(m1 02); (3.2)
0 mj
where I is the identity matrix. The argument can be generalised to the case of N > 2 degrees of
freedom. Once the matrices in ([2-I6]) are in their canonical form ([B2]), we define a system “gyroscopic”
if D # 0. A non-vanishing D # 0 can originate from the “canonisation” of (ZI6); in particular a non-
trivial d. is generated by a time-dependent diagonalisation of the original kinetic and mass matrices KC,
M with time-dependent rotation angles 0 and 0,4 respectively (see appendix [A] for details); namely

4 = d _ Tx(K)
“ det(K)1/2 det(K)1/2

O —260%,. (3.3)

Thus, a system is gyroscopic when at least one of the following conditions are satisfied:
e the original D =# 0;
e a non-trivial time dependence of the kinetic matrix such that O #0;
e a non-trivial time dependence of the mass matrix such that 6 Mm 7 O.

In a cosmological background, a typical situation where {91} are zero is when the matrices K or M are
E: diagonal, there is an overall time dependence, the diagonal entries are equal, the difference between
the two diagonal elements is proportional to the off-diagonal one. The cases where the matrices are
time-independent (and thus 0, = 0) include Minkowski space background and, more in general, a
regime where momenta are much higher than the inverse of the curvature scale. This is the case for
the definition of the Bunch-Davies vacuum in a de Sitter background (see chapter @)). Unless explicitly
stated we will consider a gyroscopic system in the canonical form (3:2). One might think that after
all the system (2.I0)) is rather simple. However, as pointed out humorously by Coleman [19], quantum
field theory is based on different variations of the harmonic oscillator. The first evidence that (2.16])
is less trivial than it looks is that, as shown in appendix[B] there is no Lagrangian field redefinition to
set D = 0 and at the same time having a diagonal mass matrix; indeed, in a Minkowski background,
setting D = 0 through a further time dependent linear transformation of the canonical fields generates
a mass term with periodic time dependence (Floquet system). While to find classical solutions is not
a problem, the quantisation is not straightforward.

4 Stability of a time-independent Gyroscopic System

In this section we will focus on the simplest case where the canonical D and M matrices are time
independent. As we already discussed, this will be the case when shift symmetry is imposed for all
the fields and the metric is time-independent. The equations of motion are the following

$—2Dp+Mp=0. (4.1)

Solutions of ([&I]) are of the form ¢ = e~*“*v where v is suitable vector and w satisfies the following
algebraic equation given in terms of the linear operator L(w)

det L (w) =det (—w?I+2iwD+M)=0 = w'—w?(@dd®+mi+mi)+mim3=0; (4.2)

thus
2 1 2 2 2 2 2 22 2,2
Wig =g 4d*4+mi+ms £/ (mi+m3+4d?)" —4mims | . (4.3)
3The mixing angle 0y for a generic 2 x 2 matrix ), is given by tan(26y) = A;’\jfu with its time derivative given by
6y = Q22=21) Mo—Miz Qog—Aaa) |y g easy to identify when 0y = 0.

4 27,+(Aa2—A11)2



Some simple general properties of w; can obtained by taking the transpose and then the complex
conjugate of L(w) and taking into account that D' = —D. In particular we get L(—w) = L(w)
and L(—w*) = L(w)*. Thus, if w is a solution, also w*, —w and —w* are solutions. The system is
stable only when w is purely real. The region of stability can be described by using the mq 2, d or
equivalently wy 2, d as independent parameters and it is given by

2
(@ mi,>0, &>0 — ogdﬂgglfﬂl; (4.4)
2
2 2
v —mi+—m; 2
(b) mi, <0, d*> ( 1 ) , = 4> @ (4.5)

One can also rescale w; by d by defining @; = w;/d, then the two stability regions corresponding to
w1 > we > 0 can be rewritten as

Our notion of stability corresponds to what it is called marginal stability in [I]. The region of
2 2
stability in parameter space is plotted in Figure[Il The intermediate range @ <d? < %

is forbidden by stability. We note [ that stability can be also achieved when the rather peculiar limit

Stability Parameter Space

m

Figure 1: For d = 1, in yellow the parameter space corresponding to (44)), in red the region corresponding

to (4.3).

K — 0 in ([2.I0) is taken; namely the standard kinetic term which gives rise in the canonical form
to ¢ is sub-leading when compared to the gyroscopic one. In such a limit, from (@I one find that
w? = m¥m3/(4d?) > 0. Of course by taking the limit K — 0 the number of degrees of freedom is
changed and the equations of motion are not anymore second order differential equations; see [20] for
an application to inflation.
It is interesting to interpret the stability conditions in Hamiltonian terms. The conjugate momenta
are
ﬁ_¢—D@,ﬁ—<m>. (4.8)

T2

“We thank the anonymous referee for pointing out such a limit.



Working in Fourier space, the Hamiltonian H can be written as

1
Hz/d%Hk = /d?”“ [5 [”ﬁwkﬂo,t (M—DQ)sok] +w,1Dsok} = (4.9)

1
/d3k§ [(Wk + Do) (me + D r) + SDLM%} :

The system is stable in two disconnected regions in parameter space.

The first one, that we call normal, is given by ([@4]) and the Hamiltonian Hy, is positive defined as one
can infer from ([@I0). More surprising is the existence of a second region (@5 (that we call anomalous
region) where Hy, is not positive defined, but the system is still stable. Thus the positivity of Hy, is
only a sufficient but not necessary condition for stability. Notice that the stability in the anomalous
region is possible only if D # 0. We have focused on the case of two degrees of freedom, but more
in general one can show that stability in the anomalous region can be achieved if and only if the
number of degrees of freedom is even and by taking D non-singular and sufficiently large [21]; indeed
the generalization of (£3) leads to

4D'D — (\/—M+\/DtMD*1)2>O. (4.10)

Another surprising property is that even if D and M are time-independent, taking () as a solution
of (1)), then @(t) = T(—t) is not a solution for any choice of a constant 2x2 matrix T unless
D = 0. In other words in a gyroscopic system time reversal symmetry is broken even if the energy is
conserved. The reason behind the lack of time reversal symmetry is the form of (48] that generates an
Hamiltonian that is not an even function of the conjugate momenta 7. For a recent critical discussion
of time reversal symmetry see [3].

It is important to say some words about the effect of dissipation on a gyroscopic system where a lot
of literature is present (see [2]). According to the Thomson-Tait-Chetayev theorem, for a gyroscopic
system defined in the region with a “large” D, stability is destroyed by the introduction of an
arbitrarily small dissipative force.

5 Symplectic Classical Dynamics

As discussed in the previous section the impossibility to get rid of D at the Lagrangian level makes
the Hamiltonian formalism the ideal tool both to study the classical dynamics and to quantize the
system. Following the approach described in [22] 23], it is convenient to introduce a compact notation
to denote a generic point in the phase space described by a 4-dimensional vector z(¢, Z) or equivalently
its Fourier transform z () defined by
1
(7). o

_ (¥ _ (¥
2k = <7Tk) ) ¥ (902) )
The Hamiltonian can be written as (for quadratic systems see also [24], [25], [26])
1 1
H:/dgk§zt_k7{kzk:/d3k§z£7-[,kzk (5.2)

The Hamiltonian density matrix in Fourier space can be read off from (Z16]) and (ZI0) in the canonical
form as

mi+d® 0 0 —d

M —-D? D! 0 m3+d*> d 0
Hi = ( D I) - 0 d 1 0 (53)
—d 0 0 1
with k = |k|. The Poisson brackets among the basic variables can be written as
{Zm(tvz)v Zn(tay)} = an 5(3) (27 - y)a = {Zk,m(t)’ Z;,n(t)} = an 5(3) (k - q) ’ (54)



where (2 is the following 4 x4 antisymmetric matrix that encodes the symplectic structure

0= <_OI é) . (5.5)

The Hamilton equations can be written in terms of the Poisson brackets as a set of linear first order
differential equations
Z(t) = {zk(t), H} = Q My, z(1) (5.6)

that are equivalent to (AI). From now on for notation simplicity we will omit the suffix k in zg.
We exploit the freedom in the choice of canonical variables to find a symplectic transformatiodg that
diagonalises the Hamiltonian H,

S'H S = Ay (5.7)
where Ay is a diagonal matrix and the symplectic matrix S, namely
StQS =0. (5.8)

The symplectic decomposition (B.7) is different from a similarity transformation used in the standard
diagonalization procedure. Once S is found, time evolution is rather simple in the new basis Z defined
by z = S Z where the system can be interpreted as a collection of decoupled harmonic oscillators and
then quantization becomes standard. To find S we consider the following ansatz

_ I B _ jll O _ O (& _ 0 b
I I R R P
Imposing that S is symplectic produces a 2-parameter family of symplectic matrices; the parameters

b and ¢ can be fixed by imposing that Ay is diagonal and one gets

2( 2 2
2 wy (wl —wz)

o » (02 . 0 0
Wy (Wi —wWy
Ay = 0 — 0 0 : (5.10)
0 0 T@wD) 0
1 2 T22
0 0 0wt
Whereﬁ
Ty =4d*+mi —m3+wf —wi, To=—-4d*+mi—mj+uf—uws, (5.11)
Tsz3=4d> —m? +mi+w? —wl, Tyu=-4d>—m?+mi+w?—wi; .
and 2 2 2 2
my —ms5 —wi + w 2d
11 =Jjo=1+b =t 2 7172 b= —5——. 5.12
Jin = J22 tbc, ¢ 1d ; 2 —wl (5.12)
Notice also that
2 2 W% 2 2 W%
Ti1 133 =16 d wiy — A'Hu A'Hss = I R Too Tyy =16 d wy — A'HQQ A'H44 = I . (513)

The system is classically stable when wy 2 € R and wf > w3 > 0; however as discussed in the previous
section stability does not implies that the Hamiltonian is positive definite. Indeed

(wl B w2)2 and d2 > (wl + w2)2 .
4 - 4 '
(w1 — wy)?

4

Ti1 > 0and Ty > 0 for 0 < d?

IN

(5.14)
Tho >0and Ty, >0 for 0< d? <

®According to the Williamson theorem, given a positive definite and symmetric Hamiltonian H, it always exists a

symplectic transformation that diagonalises H; see appendix [C] and [27] for a recent discussion.

®Note that mi—m3 = 1/(4d? — w} — w2)2 — 4w} w3 and Wi —w3 = \/(4d? — m} — m3)2 — 4m3 m3, that allow to express

all the quantities as functions of the independent parameters d, wi,2 or d, m1 2.



For 0 < d? < W the diagonal Hamiltonian is positive defined and corresponds to the normal
region ([{4]) of stability.

In the anomalous region (X)), d? > W and the system is still stable, but now 711, 733 > 0 while
T52,, Tys < 0 and the Hamiltonian can be written as the sum of one standard harmonic oscillator plus
a second ghost-like harmonic oscillator.

This can be shown explicitly by exploiting the fact that we can still perform a further canonical
transformation to reduce the oscillators Hamiltonian to the standard form

- 1 /n 0
Z= Nz 2z, Ny = E < SE ”il> ) (5.15)
exploiting (B.13), the 2x2 submatrix is taken as
Thy 0
- 2w (wWi—w32) .
ny = . — ; (5.16)

2wz (wi—w3)

the notation =+ refers to the case where Tho is positive or negative according to (5.14]). The integrand
that defines the Hamiltonian in (5.2) reads

w1 0 0 0
(+) _ t _ 0 :l:(UQ 0 0 (+) _ l NED)
A N Ay Ny 0 0w 0 , Hy 5 % AT 2. (5.17)
0 0 0 Z£ws
The explicit expressions for the Hamiltonian is then given by
+ _1 (-) _wi w2
Hk - 5 Z Wi (ﬂ—i + (pgl) ’ Hk - 7 (ﬂ-gl + sDil) - 7 (ng + sDiz) : (518)
i=1,2

The quantization of the system in the anomalous region that corresponds to HC(_) has a ghost char-

acter. The complete canonical transformation that relates the original variables z and z. is given
by
z2=82=8Niz., AP =N.S'HSN,.. (5.19)

The time evolution of z. is very simple

cos (twr) 0 sin (twy) 0
GE (1) = 0 cos (twa) 0 +sin (twe) (5.20)
¢ —sin (twy) 0 cos (twy) 0 '
0 Fsin (tws) 0 cos (twa)

The matrix Ggi) is also symplectic. From Ggi) the evolution of the original variables z(t) can be also
found by using (E.19):

2(t)=G(t)2(0), Gt)=SNLGH()N; S, (5.21)

6 Quantization

One of the problem in the quantization of classical field theory is that, contrary to the case of system
with a finite number of degrees of freedom, the procedure is not unique [28]; indeed, given two
representations of the canonical commutation relations, in general it is not guaranteed that they are
unitary equivalent. The most widely used quantization scheme is based on the Fock space construction

10



according with when a suitable set of creation and annihilation operators are defined, physical states
are built by acting with them on the vacuum state. While in flat spacetime Poincare’ symmetry allows
a natural selection of the vacuum state, in general this is not the case and different set of creation
and annihilation operators can be constructed related by a Bogolyubov transformation. A well known
example is the study of quantum field in a non-trivial gravitational background [29] [30, 31 [32].
Typically the first step is to write the non-interacting Hamiltonian of the system as a set of decoupled
harmonic oscillators; given a quadratic Hamiltonian, one can introduce creation and annihilation
operators starting from a set of canonical variables zx and the classical Poisson brackets by promoting
them to quantum operators (zx — Z) which satisfy the equal time canonical commutation relations
(CCR) [33] (see [22] 23] for notations and method)

[2(t,2)m, 26, Y)n] = i Qnn 63 (2 — y) . (6.1)

The easiest way to construct a Fock representation of the CCR is to start from the diagonal form of
the Hamiltonian (5.17) in terms of canonical variables z.. In the Heisenberg picture we define

1 1
. . . + . N R -
bkj(t) = 75 (Qchj +1 chj) , bk]‘ (t) = 75 (gokcj — 1T, ) =12, (6.2)
which leads to
[bk,, (£), b), (8)] = 6mnd™ (k —q) . (6.3)
In an equivalent and more compact matrix notation
By(t) = U 2. (1) ; (6.4)

where
Be(t) = (i, (0 b (001, 00, 0) U= (7 1) 65)

with the corresponding inverse relation

S0, (8) = UT Ba(t). (6.6)
It is easy to show that .
b, (t) = e "1 by, j=1,2. (6.7)
The vacuum state relative to the b operator is defined as
bkj (to) |0b> =0, <0b|0b> =1 ) (6.8)

Actually, given the time evolution (G.7)), setting tx = 0, (68) holds for any ¢. The Hamiltonian
in terms of these creation and annihilation operators has the standard form for two independent
harmonic oscillators

2
P =32 (b e ) 6.9
2 (e e (6:9)
in the normal region and

— w1 w2
1 = 5 (b, 0, + 0, b, ) = 5 (e b, + B, b (6.10)

in the anomalous region of stability. The correlation function for canonical fields can be easily obtained
[22, 23] as

(0612ke,, () ZqL, ()|06) = U, (06| B, () Bq, (1)[06) Usn
= 5(3) (k - q) U;W (5r 1 553 + 5r2 5.9 4) Usn = 5(3) (k - Q) Emn

(6.11)

)

O N
oNI- O

S=-I+iQ)=

N =
|
N
Ol O N
= O N
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The same correlation function for the original fields can be also computed by using (E.19), namely
Zk(t) = S Ni Zgc(t)

(0b|2,, (1) 25 (£)]0) = 6 (k — @) Zon ;

i (6.12)
Z=S8SNyiYNLS EZ+§Q;
with Z hermitian matrix with entries:
4d*w T
TTos T T , 0 0 Zu
1 Ad?w | £Tp
2= 0 T T e 223 0 | (6.13)
(wl - w2) 0 Zo3 Z33 0
214 0 0 Z44
where
= T (mi—m3—wi+wd)  dwy (mi—m3+wi—wi)
1= 16 dOJ1 :l:T22 !
2. dwi (m% —m3 + w? —w%) n + T (m% —m3 —w%—i—w%) '
B 111 16 d wo '
2 1 [ £Tos (M3 —m3 —w? +w3)? N 16wy (mf —mj + w? —wi)? ' (6.14)
%764 42w, Tu 7
2 1 T11(m%—m§—wf+w§)2+16w2(m%—m§+wf—w§)2 '
M6 2w, T T 7

While both ¥ and Z are symplectic matrices with the same symplectic eigenvalues, the canonical
transformation (5.16]) is singular in the limit wy — wq and it is interesting to see what happens to the
correlation. From (@3], we = w; is possible when

/—m?2 / —m?2
d=de = w anomalous region m3 , < 0 (6.15)

d=0, m3=m?>0 normal region m3 5 > 0

In the anomalous region when d = d.,, we have that w? = w3 = ©? = (m% m%)1/2, then setting

2 . . — — — — . . .
d=d+ % it gives w% =0?+20dg e, w% = 0% —2@d,, €, where € is a dimensionless small parameter

measuring the distance of d from d.,. The non-trivial part Z of the correlation function (GI2]) has
the following behavior at the leading order in €

1 0 0 v/ —m3—y/—m?

0 1 me%+\/7m§ 0
2e 7m§ 46\/7—777,%
/o (m3=m3)?
der/—m2 sey/—m3(y/—mi+y/—m3)>
/_mg— —m? 0 0 (m$7m§)2
dey/—m3 85\/7—111%( 7m%+\/7—7n§)2

(6.16)
Thus Z shows a resonant singular behavior when w; ~ w9 in the anomalous region of stability, which
is peculiar also from a classical point view: even a very small coupling can trigger a runaway behavior
of classical solutions that far from w; =~ wy are well behaved at least when interactions are not too
big [4]. On the other hand when d — 0 in the normal region of stability no resonant behavior is

12



present; indeed we get

o 0 0 O
0 5= 0 0
0 .
Z = 2m 6.17
0 0 m o (6.17)

The entries Z11 and Zyo are particularly important, since they represent the autocorrelations ( power
spectra) of the original fields 1 and @2, whose behavior in both the stability regions is shown in
figure 2

<P191>d=1 <P2P2>d-1

Figure 2: Contour plot of Zy1 and Z55 for d = 1.
From the fact that S and N1 are symplectic they have unit determinant, we get

1
Det (Z) = Det (X) = Det (2) = 6 (6.18)
As shown in [23] the part Z of the correlation matrix Z is relevant to study decoherence once one
of two modes is traced out. In particular, the so called purity v is a measure of the entanglement
between the two dof.

v =[4(21 233 — 2123)]_1 . (6.19)

In particular for a pure state we have v = 1 while for mixed states we have 0 < v < 1. The limit
~v — 0 corresponds to the maximally decoherence case [23]. For our gyroscopic system in particular
we get in the two regions of stability the following results

) 1 (@ £ o) 20
T T (@) £ )2 — 4] (@ram £1)°

(6.20)

that we show in figure Bl We give also the following limits on the boundaries of the parameter space

) . 4 \/mime
2 2 _ _
=t RS e e (021
. . 4\/7’)’7,1 mao
1 2 = 1 2 = .29
Jm Az =0 ot = e ey (6:22)
lim ~% =1 (6.23)
mi1—>msa

As discussed at the beginning of the section the Fock representation is by non means unique.
Indeed given a set a canonical variable one can define an alternative set of creation/annihilation

13
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Figure 3: Contour plot of the square for the purity v? once we fixed d = 1.

operators by applying the above construction for 2. to Z. Similarly to (G2)) we can define a new set
of creation/annihilation operators a and a' such that

1 1

ap. () = —— (V2 Pr; +ifn; ),  al ()= —— (2 fp; —ifk;) j=1,2, 6.24
k]( ) \/iyj (yj Pk j kg) k]( ) \/§yj (y] Pk kj) J ( )

or, in matrix representation
Ar(t) =UY 2(t); (6.25)

where
t
_ t _(v O _(»nn O

Aat) = (a0,0. an, Oy, (0., 0) . v= (8 2) 0 = (0 D). e

together with the obvious inverse relations. The important physical difference is that we do not have
a unique option in the choice of the y matrix; the choice of Ny in the definition of 2. (and that of B)
was instrumental to get the Hamiltonian in the standard form (69) for an harmonic oscillator. As
before, the a-type operators also define the associated vacuum state by

ax,; (t0)[0.) =0, (04]04) = 1. (6.27)
The Hamiltonian in the new basis is the following
1 _ _
Hk:§A,L(t)HAAk(t), Ha=UY VH, Y 1UT. (6.28)
As before Ag(t) are in the Heisenberg picture and

Ap(t) = Ga(t) Ag(0) = Ga(t) Ax,  Ga(t)=UYGH)Y'UT, (6.29)

14



and G(t) gives the time evolution of z; according to (BZI). By using (629), (EZI), and that
G! AP G, = AP the Hamiltonian can be written in terms of Ay instead of Ag(t)

1
Hy = 5 Al Ha Ay, (6.30)
which shows that Hj is time-independent. In general, Hj can be written in terms of ten real pa-

rameters which can be interpreted as squeezing and rotation parameters [22, 23] or equivalently as
Bogolyubov coefficients. Explicitly we get

_(P Q@ _ pt_ R Fipet? _ (R1€'®1 Rppett
Fa = <Q]L P) where =P = <F12 e io F ’ T\ Rize’t Ryei®2) (6.31)
with
d2—|—m2—|— 4 d2—|—m2—|— 4 dy2+y2 T
Flz_ 212 yl7 F‘2:722y27 F12:M7 QI):_ (632)
Y1 2y; 4y1y2 2
po_ Prmi—yi L Emioys o, d(yi—v3)
1= 2 ) 2= " H5. 3 > 12=—7"—°,
241 242 24192 (6.33)
T
@1 - @2 == 0, 5 = 5 .
Thus
2 .
H, = Z [Fl (a};i ak, + aT_ki a_g, + h.c.) +R; (61@" a;;i aT_ki + h.c.)} + (6.34)
i=1

Fiye'® (a};l ag, + aikl a,kz) +h.c. + Ryp €€ (a;fcl aib + a,T62 aih) +h.c.. (6.35)

The physical interpretation of the various terms is the following [22] 23]
e Harmonic: Fj—; 2 non-standard normalization of the number operator;
e Parametric: R;—1 2 gives rise to particle creation;
o Transferring: Fio transfers particles from one sector to the other;
e FEntangling: Rio represents cross-sector particle creation.

By a suitable choice of y; 2, one can set R =0 and R; =0 or Ry =0.

Let us discuss the relation between the quantization performed by using the above explicit covariant
symplectic formalism and the more traditional one that makes an ansatz for quantum fields according
to which they can be written, in Fourier space, as linear combination of creation and annihilation
operators [22]; for instance in the case of a single scalar field

ox(t) = or(t) by + dr(t)" bL (6.36)

where ¢ (t) is a solution of the linear equation of motion in Fourier space. The requirement that
the field ¢(t, ) together with its conjugate momentum 7 (¢, ) satisfy the equal time canonical com-
mutation rules gives a condition on the Wronskian of the solutions ¢ (t) and ¢ (t)* of the equation
of motion of the field. As matter of fact such condition is equivalent to the symplectic character of
the transformations relating the field variables, the matrices S and N in our case. The symplectic
treatment is particular useful when the conjugate momenta are not simply proportional to the time
derivative of the fields; this is the case in a gyroscopic system, see eq. ([£J)). To write the quantum

field in the form ([@38]) we can use ([@4) and (19 to get
2(t) = SNLUT By (2), Bi(t) = U 2ke(t) = U G1o(t) 2e(0) = U G (t) UT By (0)

(6.37)
= 2p(t) = S Ny G1.(t) UT Br(0) = E(t) B(0) .
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The time-dependent 4 x 4 symplectic matrix E(¢) is determined by U, the canonical transformations S
and Ny and the symplectic time evolution matrix G4.(t) and can be written in terms of the suitable
“classical modes” that can be read out from E(t); in particular the expression for the quantum fields
(1,2 is the following

(20) =10 () = 0 (225).

VI e it  2idywgeriet (6.38)
= (B B[ i g VR
T\ Ear Epy ) | _2idyere 't JETh, ef it

Vi1 \/wf—wg 2 /w2 \/w%—wg

Clearly the matrix L and L* are just submatrices of E. One can check that the quantum fields satisfy
the equations of motion ([@I]). Of course the same representation can be used for the quantum fields
expressed in terms of the alternative set of creation and annihilation operators ([6.2]) and their modes

2 (t) = Ex () A(0) ; (6.39)
by using (629) and ([B-25), the symplectic matrix Eg(t) is given by

) =Y LU Ay (t) =YL UTGa(t) Ax(0)

- (6.40)
=Ex(t) =Y 1 UTGA(t).
The classical modes in Ek(t) are solutions of the classical equations of motion, namely fEk =QH IEk.
It is interesting to note that the initial conditions at ¢ = 0 can be related to the freedom in the choice
of the matrix Y, see [22]. The initial conditions on G4(t) is related to the initial conditions for the
classical modes

Y1 Y1
A
N 0 vz 0o =
Ga0)=I = E(0)=Y'ut=[ {)5 ; {)5 (6.41)
\/§y1 i ﬂyl i
0 T V2y2 0 V2y2

The relation among the classical modes Ex and Eg and the corresponding sets of creation and anni-
hilation operators is a Bogolyubov transformation [29] [32], BT} 22].
7 Gyroscopic Systems and the Pais-Uhlenbeck Oscillator

It is intriguing to relate the anomalous region of stability of a gyroscopic system with the Pais-
Uhlenbeck oscillator [34]. The Pais-Uhlenbeck higher derivative Lagrangian can be written as

1. .
Lpy = 5 [ = (W} +u3) & + i wd o] . (7.1)
that gives the following fourth order equation of motion

<p(4) + (wf + wg) P+ w% wg 0=0. (7.2)

The solution is of the form ¢ ~ exp(iwt) and w satisfies exactly ([@2). Though a gyroscopic system
has at least 2 degrees of freedom, it is easy to see that (T.2)) is equivalent to a system of second order
coupled equations [35]

P14+ p1 o1 —p1 2 =0, G2+ p2 w2 —p2 1 =0 (7.3)

16



where the real constants p; and p; are constrained by
pr+pe =wi w3, e — prpe = Wi ws (7.4)

Exploiting the freedom in the choice of u; and p; it is easy to realize that the Pais-Uhlenbeck oscillator
admits different classically equivalent Lagrangian formulations [35] [36]. Depending on the choice of
pi, the two second order equations can be derived by two different Lagrangians of the form

17, ) 1
Leu,, =5 [#1° £ 62 = 5 (@1 £ p2 93 = 2p1 1 02) for py = +py; (7.5)
After a Lagrangian field redefinition, Lpy, leads to an Hamiltonian that is positive deﬁnecﬂ, while
Lpy, leads to an Hamiltonian that is not positive defined. Our representation of the Pais-Uhlenbeck
oscillator is rather different, as it is evident form the equations of motion (@I

G1+mi 1 —2d ¢ =0, G2+ m3 o2 —2d ¢ =0; (7.6)

nevertheless they are still equivalent to (.2]), moreover the Hamiltonian H is positive definite in the
region of normal stability ([@4]) or indefinite in the anomalous region of stability (£H). It is interesting
to realize that the equivalence at the level of equations of motion of the PU oscillator and Lpy,,
Lpy, in general is altered when interactions are introduced [37]. For instance, if one introduces an
interaction potential of the form A p? 3, only the Lagrangian Lpy, generates equations of motion
that are equivalent to a PU oscillator with the same interaction. This is not the case for Lpy, and for
our gyroscopic system. However, by introducing a non-dynamical field, one modify the Lagrangian to
extend the equivalence also to other cases [4].

8 Examples of Gyroscopic Systems

In this section we give a number of specific examples of gyroscopic system considered on a Friedmann-
Robertson-Walker (FRW) cosmological background. When perturbations of the metric are considered,
departing the homogeneous FRW metric the gyroscopic nature of such a system is not altered but
the treatment is more involved; see [38| [16] [I5] for the discussion in the context of inflation and the
computation of primordial non-Gaussianity. On general grounds in 1+ 3 dimensions we can define out
of N scalar fields the following set of composite operators shift symmetric but in general not invariant
under internal SO(3)

CAB = g 9,04 9,0%, A, B=1,2,---,N. (8.1)

Depending of what kind of vev the fields develop one can distinguish the following cases giving a
sketch of the operators involved.

e All fields have time dependent vevs and CAB

A, B and we have N(N + 1)/2 operators.

e All fields have space-dependent vev and to be consistent with the unbroken SO(3)4 diagonal
group as discussed in section ] the fields must be arranged in n triplets of SO(3)4, namely
oA — ®¢ with a =1,2,3 and i = 1,2,--- ,n = N/3. The basic combination of fields is

is a singlet under internal SO(3) for any choice of

By =g" 0,97 9,9%,  a,b=1,23 i,j=1,2---- ,N/3 (8.2)
from which one can form a number of SO(3), invariant operators

in = T‘Y[Bili2"'B7;nflin] . (8'3)

vvvvv T

"This is possible when wf # w3.
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e Finally, the most involved case is when the fields develop both space and time dependent vevs.
For simplicity let suppose that there is a single field ®° that has a time dependent vev and the
N — 1 = 3n remaining fields arranged as triplets: ®¢ with vev ¢f = z®. This time the basic
building block conveniently organized according to the SO(3)4 transformations are, besides (83),

in =T (Zinjy - Zin_rin) » (8.4)

.....

where

78 = (9" 9,8° 9,87) (9°° 0,8° 57 . (8.5)

The above operators showed here does not exhaust the list of possible single derivative SO(3)4 in-
variant operators. Indeed, many others can be built out of ufjk = e"P7 €gpe 0, DY (?p(bg?&,(l)i. Given
the complexity of the most general case and to illustrate the general picture described in section
we consider the case of two scalar fields ®; and ®5 in a 1 + 1 dimensional FRW backgrouncﬁ. The
generalization to the case of 1+3 dimensions is not very difficult. In 141 dimensions a single scalar
field can develop a spatially dependent vev still preserving homogeneity and spatial translational in-
variance while to do same in 1+ 3 dimensions in a rotational invariant way we need at least three dof.
In 1+1 we have just three basic operators.
Taking the metric

Guv = a? Nuv » (86)

the most general action is of the form

S = /d% V=g U (0%, ®). (8.7)
The number of operators is limited to

X =g¢"0,8'9,0' Xy =g"0,0%0,8*, X3=g"0,9'0,0°. (8.8)

8.1 Time dependent vevs
Consider first the case where both scalars have a time-dependent vev, namely
O = ¢y (t) + T, D% = o(t) + Ty. (8.9)

The Lagrangian U has the form U = U(X;, Xa, X3, @1, ®2). The kinetic matrix X has the following
matrix elements

_ 1 (K K2 |
k= a? (/C12 /C22> '

K11 = —2a*Ux, +4¢%UX§ + o [4¢51 Ux,x, + &2 ng} ;

(8.10)
Ki2 = —a*Ux, + 27 Ux, x; + 2 [le (4UX1X2 + ng) + 2 ¢ UX2X3] :
Koo = —2a2UX2 +¢% UX§ +4Q;)2 {(bl UX2X3 —|—¢)2UX22:| .
1. .
D= 5 {(bl (U<I>1X3 - 2U<1>2X1) + ¢2 (2 Uq>1X2 — U<I>2X3):| j (8.11)
2Ux Ux 2 ( 11 012 )
M=- ' L ; 8.12
( UXS 2UX2 ) 12 Q22 ( )

the explicit expressions for a;; are omitted for sake of brevity and will be not relevant for the discussion.
The main features are the following

8For simplicity we take the spatially flat case.
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e The kinetic matrix is k-independent and the off diagonal elements are related to the presence of
the operators X3 and Ux, x, # 0.

e In the presence of shift symmetry: Up, = 0 and then automatically D = 0.
e The mass matrix is k-dependent.

As a physical example in 143 dimensions, we can consider two scalar fields fluids such that I is
diagonal (no kinetic mixing) and with constant sound speeds;

1+ed 1+e2,
p 2
U(X1, Xo,®1,®0) = A1 X," 70 + A3 X, + V(dy, D) (8.13)
. _e2?
which at the background level gives ¢ 2 = a1

(1+c§13a1+°51 0 (1+c§13a”°§1 12 atm?,

K= > D=0 M= >

o2 a1+c3 ) ’ 2 a1+cs

0 % atm, % 52

(8.14)

The canonical fields can be introduced to get rid of K by ¢ = K~1/2¢,.; as a result the new quadratic
Lagrangian has K =1, still D = 0 and

2—cg, —c 2
s s
a 1 2 Csq Csg Mg

1 1
w, [ F AR R ) (e, 2 . (8.15)

2—cg. —c 2
S 782 cgy Cso, M 1 1
1 Csg T2 032 k2 _ Z(l + 032)27_[2 _ 5(1 + 032)7_[/

a
2 1/2 2 1/2
(1+c2 )12 (1+c2,)Y

The mass matrix can be diagonalized by an orthogonal transformation with a time dependent mixing
angle 6 which will inevitably lead to a gyroscopic system with

), 3—cCsy/2—Cs5/2
b= (2 9> ; tan(26) = 2 2 2 f/iSI 052@2 1/12 2/ 2 2 V2]
0 (Csl _652)(1+051) (1+CS2) [27_[ + (2+Csl +CS2)H }
(8.16)
Even the case of two non-canonical scalar fields with a mass mixing in a FRW background is a

gyroscopic system in disguise [13].

8.2 Space-dependent vevs

In this case it is convenient to define as in four dimensions ®! = x+ \/ai—2 S; (i =1,2) and, as discussed
v

in section 2] we need shift symmetry; thus the generic Lagrangian has the form U(X;, X2, X3) and
for the matrices KC, D and M we get

2Ux Ux
K=- ! 8 D=0; 8.17
( —Ux, 2Ux, ) ( )
Mll M12
M= —k? :
<M12 MQQ)

4 (UXf + UX1X3) + Uy
M1 = 5 +2 UX1 )

4U +2a(U +U )+U (8.18)
M12 _ X1X2 XIZ; X2X12 X§ + UX3 ,

4 (UX22 +UX2X3) + UX32
M22 fr a2 + 2 UX2 .

In this case
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e the off diagonal elements are induced by the presence of the operator Xs;
e we have always D = 0;

e the mass matrix is quadratic in k£ and it is not diagonal when the operator X3 is present and
UX1X2 7£ 0.

An explicit example in Minkowski spacetime can be found in [39] where the effective field theory for
the interactions between acoustic and gapped phonons was studied. In a FRW set up, we see that
the non diagonally kinetic and mass matrices will induce an effective D matrix once the Lagrangian
will be rewritten in the canonical form (B3).

8.3 Mixed vevs

Finally, in the mixed vevs case we have

' =¢(t)+ T, P’ =z +

S. (8.19)

Now the SO(3) invariant operators are X; and X5 of (B8] and
X3=X3. (8.20)

as can be by deduced by (8ZI83) and the Lagrangian is then of the form U(X1, X5, X3, ®1). Omitting
for simplicity the kinetic matrix, we have

k (2Ux,x, —Ug,) ¢

D= = T (8.21)
2k% (a®Ux, + Uz k
Mo (a’ X1 X%) ﬁl; , a1l (o (8 22)
k Bi2 2 k? (UX2 +2 (;2 ) + k% v a2 g )] '

once again the expression of a;;, 812 and «y are not relevant for the discussion. The main features are
e the kinetic matrix is always diagonal,

e The system is genuinely gyroscopic being D # 0 when Uy, # 0 and Ux, x, # 0 with an overall
k dependence.

The present case is the most interesting one and will be further studied in 143 dim in the following.

9 Bunch Davies vacuum

The Bunch-Davies (BD) vacuum is the vacuum of election to set the initial conditions for cosmological
perturbations during a de Sitter or quasi de Sitter period. A simple and physical way to define the
BD vacuum is to invoke the equivalence principle according with at very small scales gravity does not
influence local physics. In this context, by choosing conformal time as in (8.6]), we impose that at
early time, namely when a — 0, the gyroscopic system behaves as in a Minkowski space, namely the
Lagrangian in such limit is time independent. By taking a = t2/(143 %) the required time-independent
Lagrangian at early time is obtained when the matrices entering the gyroscopic system are of the form

k1 aft 0 - €146 .
K_<ﬁ10a Rzaéz)’ d=dat2" . My = my + g a™ ;6= 0;

all quantities with a bar are constant in time and

+ 1
mi1 =& <0, n22 =8 <0, 7712251252,w<—§,<§0. (9.1)
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By using the procedure of appendix[Alto reach the canonical form ([B.2]) for the matrices of a gyroscopic
system, we get in the limit a« — 0

1. 1
LU =S @' otde' T — 5 " MIPP)

9.2
0 IS 7& 0 ( )
c = d o )
Viire o
the constant mass matrix M (BP) is given by
e i, 57(7514‘52)/2 m3 m3
(BD) _ R1 VEiVR2 M2 0 Rl "1/ Fo
M e 5(51-‘1-52)/2 3 + 551' e Mo ’ (9:3)
VEIVE: 2 F2 VE1VE2 Ra

Notice that the d is different from zero only when ¢ = 0. In a rotational invariant theory, the
dependence of spatial momentum of the mass terms is of the form

mg,; = ci K R (9.4)
and cﬁi play the role of non-trivial sound speeds. At small scales for which k is very large, D is relevant
only if d oc k. This is the case when fields which develop both space and time dependent vev. An
example is supersolid inflation [I6] [15] where w = —1, & = —& =4, m2 =1, ¢ = 0. On the contrary,
when only fields which develop time-dependent vev are present, the matrix D is not important in the
limit of large k used in the selection of the BD vacuum [13].

10 Dynamical Dark Energy as a Gyroscopic System

One of the open questions in modern cosmology is the nature of dark energy that is driving the present
expansion of our universe. The simplest option is to add a non-dynamical cosmological constant to
the Einstein equations. Alternatively one may try to device a dynamical model for dark energy
associated with a medium of some sort with pressure p, energy density p and an equation of state
p~ —p. A perfect fluid with a single scalar degree of freedomll does not work: the energy momentum
conservation forces p to be a constant and one gets back to a cosmological constant. To move on one
needs to go beyond a perfect fluid and/or add degrees of freedom. As matter of fact, four scalar fields
{®4, A=0,1,2,3}, three {®%, a = 1,2,3} with an Z-dependent vev and ®° with a time-dependent
vev can be used to describe the most general non-dissipative self-gravitating medium at the leading
derivative expansion and the analysis of section (2]) applies. In particular, a genuine D term is present
and we are dealing with a gyroscopic system. The action is

S = M3 /d4x\/—_gU(b,y,X,7-Y77-Z); (10.1)
where
b= (Det[B)V2, gy =u'd,a°, X = (—g"8,8°9,0%)1/2
B® = g™ 9,8°9,8", 1y = rﬁg;) o Egg h—12.3 (10.2)
and s

9, ®% 9, D 953D°, u?=-1. 10.3
B

ut =

_6177\/—_96%0

9Two additional degrees of freedom corresponding to a single transverse vector are present, however, thank to the
conservation of the vorticity, their dynamics is trivial.
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The energy-momentum tensor (EMT) has the form
Ty = (U =bUb)guw + (yUy —bUp) upuy + x Uy vpvp + QSZ) Ury + QL,Z) Urz (10.4)
with
vy =x10,®°. (10.5)
In flat space or on a spatially flat FRW spacetim@ Uy = Uy, fo,) = E},j) = 0 and the EMT is the
one of a perfect fluid with

p=-U+xU,+yU,, p=U—-bU,. (10.6)

Depending on che choice of U, different equation of state for the medium can be considered. In [40]
there were studied models, dubbed A-media, featuring an exact equation of state p + p = 0 (i.e.
w = p/p = —1), valid not only at the background level in a FRW metric but also at the non-
perturbative one; this is the case by taking

U(b7y7 X7TY7TZ) = bl+w Uw(b_w X b—v Y, Ty, TZ) . (107)

To study stability, away from any possible Jeans instability, it is sufficient to consider the limit of ver
large spatial momentum k& and forget about the expansion of the universe and metric perturbation
The scalar fields fluctuate according with

@0 = ¢(t) + o, P = g% + 7. (10.8)

The 7* excitations are decomposed according to 7* = 7¢ + Jdymr. The transverse part 7§ with
0.} = 0 describes vector modes that are not considered here while 7y represents phonon modes.
As discussed in section 2 the structure of the vevs of the scalar fields is such that the quadratic
Lagrangian derived from (I0.)) has precisely the form ([2I6) and reads

D+ p+ M) - . M —2M,y) k . . M
Lph:w82+MOT2+% (ST—TS)+(M3—M2) RS+ SR T,
(10.9)
where we have set S = knp, T = w9 and
1 1 U, +U:
MQZ—(UXX—FQUyX—I—Uyy), Ml:_UX7 Ms = =Upp, M2:#7
2 2 27
. (10.10)
M4:UbX+Uby—§UX—Uy.

By defining the dimensionless associated parameters ¢; through M; = p ¢; we have that a A-medium
with w = —1 gives the constraint{3

w=-1, c=ci ¢c2=3(c3—cq). (10.11)
The positivity of the kinetic terms imposes
>0, c>0. (10.12)
In the normal region of stability (&4 the positivity of the mass matrix requires that

(03 - CQ) S 0, C1 S 0 (1013)

0The bar denotes background quantities and in Minkowski spacetime b = ¥ = 3 = 1.
' As shown in [41] one gets the very same result by the full analysis of quadratic perturbation in perturbed FRW universe.
'2This can be seen as the consequence of a Lifshitz scaling symmetry [I4].
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which is clearly incompatible with (I0.I2); thus there is no room for stability in the normal region.
Stability in the anomalous region defined by (£3) requires that

(63 — 02) =3 Cq — 2 C3 2 0, C1 Z 0, (1014)

0<c<cy—+/cu (364—263), (1015)

and no inconsistency is present and one easily check that U of the form (I0.7) does the job. A point
worth to be stressed is that stability with w = —1 requires ¢z # 0 which signals the presence of a solid
component in the medium associated to the operators 7y and 7z; incidentally the very same operators
turn on an anisotropic stress part in the EMT (I04) and by the gravitational Higgs also generate
a mass for the graviton. Thus there is no fluid-superfluid medium that is stable with w = —1. At
the same time the actual realization of stability also requires that ¢4, # 0 together with ¢; # 0 which
means stability also needs for the presence of a superfluid component related to the operator x. The
bottom line is that one can model a dynamical dark energy with w = —1 that is stable at the quadratic
level, the price to be paid is that the Hamiltonian is not positive definite and is connected with the
Pais-Uhlenbeck oscillator. The results in [4] indicates that even in the presence of non-linearities the
existence of unavoidable pathologies are far from being automatic.

11 Conclusions

We analyzed the classical and quantum dynamics of quadratic non-dissipative gyroscopic system that
are characterized by a Lagrangian with a term of the form ¢ ¢ that is non-trivial when at least two
degrees of freedom are present. In Minkowski spacetime such a term naturally appears when one
consider a set of coupled scalar fields in which some fields acquire a space-dependent vev and others
a time-dependent one, spontaneously breaking the Lorentz group down to the rotation group SO(3).
The minimal number of scalar degrees of freedom for a gyroscopic system is two and they can be
interpreted as the Goldstone modes for the spontaneous breaking of temporal and spatial translations
but also as the phonon-like excitations of a supersolid, a medium which has a superfluid and a solid
component. We studied the classical and quantum dynamics by using symplectic techniques. The
system is classically stable in two different regions in parameter space. In what we call normal region,
the Hamiltonian is positive defined while in the anomalous region the Hamiltonian is not positive
defined; indeed, after a suitable canonical transformation can be written as the sum of a standard
harmonic oscillator and a ghost-like oscillator. As a result, a gyroscopic system in the anomalous
region of stability is related to the physics of the Pais-Uhlenbeck oscillator. In the anomalous region
of stability a resonant behavior in the 2-point correlation function can take place and it is intriguing
that it is behind the slow instability found in [4] when the modes of the standard and the ghost modes
are coupled. The very same resonant behavior is behind the maximization of the entanglement when
the ghost mode is traced over.

On a time dependent background as FRW (we always retain rotational invariance), the definition of
gyroscopic systems becomes ambiguous due to the possibility of performing a time-dependent field
redefinition, however it is possible to identify a set of field redefinitions such that a generic Lagrangian
with two scalar fields can be brought in the canonical form ([B:2) for which the kinetic matrix is the
identity, the mass matrix is diagonal and there is a gyroscopic term that mixes the fields with their
time derivative through the antisymmetric matrix D. The presence in the canonical form of the
Lagrangian of a non zero matrix D is taken as the definition of a gyroscopic system. It turns out
that a non-trivial D can be induced by a time-dependent non-diagonal kinetic and/or mass matrix in
the original Lagrangian which can be important for the existence of the Bunch-Davies vacuum. As
a result, in a time-dependent background, two coupled fluids/superfluids and two coupled solids can
also be gyroscopic, see (813) and ([82). Finally, we have shown that dynamical dark energy can be
described as a gyroscopic system in the anomalous region of stability.
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A Canonical Form

A generic symmetric time-dependent matrix 7 can be diagonalized by an orthogonal transformation

RtTR—'B—<T1 0>7 R_<cos6‘ sin9>' (A1)

0 = —sinf cosf

The kinetic matrix K in (ZI6]) is positive definite with eigenvalues k1 > ko > 0 and Ky = Diag(x1, k2).
By using (AJ), after the following field redefinition

p=Acy,  Ac=Rck;"?, (A2)
one gets the Lagrangian
1 1
,C/:§¢/K/¢/+QD/D/¢/—§</7/M/</)/; (A3)
where
K = 1, (A.4)
. Tr(K) d— 6k Tr(K)
D = A'DA-§ =d R A A.
< Doty 2 Y g det(C)1/2 (4.5)
, : - . 1d - . .
M = AMA-A ICA+§E(A KA+AKA) . (A.6)

One can also diagonalize the mass with M’ = Diag(m3, m3) to arrive to the canonical form given in
2I8) by a final field redefinition

¢ =Rmy" = A (A7)
The structure of the Lagrangian in the canonical form for a gyroscopic system is given by
1 1
E/I — 5 (pl/ (pl/ + (pI/D(pI/ _ 5 SD/IMSD”; (A.S)
1n_ p—131/2 551
where ¢ =R/ K;/" Ry v and
. d . Tr(K)
D = D -0 =d. J, d. = -0 203, A9
o J=deJ Det(K)1/2 % Det(K)1/2 M (4.9)
; w3 — 263 0 m} 0
M = M —265I=("1" ="M L )= (" . A.10
wo-2iur= (M0 0 )= () (40

B Lagrangian Transformation

When the matrices are in the canonical form ([3.2)) but time-dependent, the equations of motion derived
from (2I6) are the following

5—2Dp+ (M+ D)y =0. (B.1)

Let us now show that is not possible by a Lagrangian field redefinition to set D = 0. Taking ¢ = L ¢,
we get the following new form for the matrices in (2-16))

I K,=L'KL, D—-D,=L'L+L'DL,

L . B.2
M—-M,=L'"ML-L'L-2L'DL. (B.2)
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To find D,, = 0, L has to satisfies
- 1 /. . . .
D:LtDL+§(LtL—LtL) =0 = 2D+LIE'—LL'=0. (B.3)

Clearly there is no solution if L = 0. If L is orthogonal then the solution is
L=DL. (B.4)

However, by a time-dependent field redefinition of the form

cos 0(t) in6(t) .
L= <—sisn9(t) (S:os9(t)> =4, (B.5)

the resulting Hamiltonian takes the form
1, 1, .
H, = 3 P'P+ 3¢ M, (t)g (B.6)

and it is inevitably time-dependent. The time dependence is rather special and it is of the Floquet

type, namely

A(t) = Ho(t +T), T= 27” . (B.7)

Such time dependent Hamiltonian is often found in condensed matter physics. In the canonical form
M is diagonal and thus we get

M= <d2 +m3 cos(dt)? + m3sin(dt)? (m3 —m3) sin(dt) cos(dt) >

(m3 —m3) sin(dt) cos(dt) d? +m3 cos(dt)? + m? sin(dt)? (B.8)

C Hamiltonian Diagonalization

The Hamiltonian diagonalization requires a symplectic decomposition (congruence transformation).
According to the Williamson theorem [27], if H is a real symmetric positive matrix of order 2n,
there exists a symplectic matrix S such that holds and given Ay = diag(\; = iw;) we have
det (QH £ iw;laxa) = 0 and the matrix S admits the decomposition

S=\AyOVHT; (C.1)
where O is an orthogonal matrix satisfying
OVHOVHO! = Ay Q. (C.2)
All the eigenvalues of the matrix Q #H are purely imaginary and
St.Q-H- S =diag (iwy, —iwr, iw, —iwy) . (C.3)

Classical Stability requires that the fundamental frequencies €; € C and A} = —\;. Once the Hamil-
tonian is diagonal, the Hamilton equations (G.6]) are simple to solve. Imposing the initial conditions
2k (t = 0) = zg, we can formally write the solution of the above system as

2 (t) = G(t, to) - 20 (C.4)
where Gy (t, to) satisfies
0Gr(t) = Q- Hy, - Gi(t, to), Gr(to, to) = Laxa . (C.5)
The solution is
Gi(t, to) = Ty elo 7 @H&() (C.6)
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When Hj, is time independent the T' ordering disappears and we have

Gp(t) = et (C.7)

The time evolution matrix G is symplectic:

(2,21} =G {20, 2} -G = Q=G-Q.¢I=G-Q-G, ; (C.8)

with a real G.
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