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Dynamical vacuum compressibility of space
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This paper continues the investigation initiated in Cho et al. [Quantum capacity and vacuum
compressibility of spacetime: Thermal fields, Universe 8, 291 (2022)] into the quantum thermodynamic
properties of space by deriving the vacuum compressibility of a variety of dynamical spacetimes containing
massive and massless conformally coupled quantum fields. The quantum processes studied here include
particle creation, Casimir effect, and the trace anomaly. The spaces include S2, 83, and T3 with prescribed
time evolution and S', where the temporal development is backreaction determined. Vacuum compressibility
belongs to the same group of quantum thermodynamic/mechanical response functions as vacuum viscosity, a
concept first proposed in 1970 by Zel’dovich [Particle production in cosmology, Pis’'ma Zh. Eksp. Teor. Fiz.
12, 443 (1970)] for capturing the effects of vacuum particle production on the dynamics of the early Universe,
made precise by the rigorous work of many authors in the following decade using quantum field theory in
curved spacetime methodologies and semiclassical gravity theory for treating backreaction effects. Various
subtleties in understanding the behavior of the vacuum energies of quantum field origins, negative pressures

and novel complicated features of dynamical compressibility are discussed.
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I. INTRODUCTION

The title contains four key words in three areas of
research; vacuum refers to the ground state of a quantum
field, space conjures (general) relativity, and compress-
ibility brings up the (nonequilibrium) thermodynamics of
matter [1]. The first two elements make up quantum
field theory (QFT) in curved spacetime (CST), a well-
established field since the 1970s [2,3], the Hawking effect
[4] being a well-known example. Quantum compressibility
refers to the compressibility of space filled with a quantum
field at zero or finite temperature. This bears on the
emergent field of quantum thermodynamics (QTD) empha-
sizing how considerations of the quantum properties of
matter entice us to extend, even revise, our understanding of
classical thermodynamics and explore new laws at low
temperature for small objects. Studies on the mechanical
response to quantum fields, in particular, electromagnetic
and gravitational radiation, and the reverse process of how
quantum fields respond to mechanical actions, make up an
equally exciting field of quantum optomechanics (QOM),

“Xyc@terpmail.umd.edu
1Lcosmology@ gmail.com
*blhu@umd.edu

2470-0010/2024/109(6)/065027(25)

065027-1

and LIGO/VIRGO/KAGRA based on interferometry are its
signature highlights.

Can one apply quantum thermodynamic concepts to
understand the fundamental properties of spacetime with
the help of quantum field theory in curved spacetimes, in
more general terms than the much studied and better
understood black hole thermodynamics [5-8] in the class
of spacetimes with event horizons? This was what moti-
vated Cho et al. [9] to investigate into the quantum
thermodynamic properties of spacetimes by deriving the
quantum heat capacity and vacuum compressibility of a
variety of (static) spacetimes containing a quantum field at
zero or finite temperatures. This paper continues that line of
pursuit extending it to dynamical conditions.

A. Quantum thermodynamics of dynamical spacetimes

Spacetime thermodynamics [10—-13] is a derivative and
extension of black hole thermodynamics, also related to
the view that gravity is of the nature of thermodynamics
[10,14-16] or hydrodynamics [17-21], and should be
treated on the same footing as the collective excitations
of (spacetime) atoms as in condensed matter physics
[22-25]. These are examples of emergent gravity, a
fundamentally different vein from quantum gravity. (For
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a sample of discourses on conceptual issues of emergent
gravity, see, e.g., [23,26-29]). In this broader perspective,
considerations of spacetime thermodynamics need not be
limited to spacetimes with event horizons and thermody-
namics should not be restricted to equilibrium conditions.
This brings up the first key word of this paper; dynamical.
In the context of quantum fields in curved spacetimes, a
process of similar importance as the Hawking effect in black
holes is cosmological particle creation (CPC), prominent at
the Planck time. The underlying mechanism of CPC is
parametric amplification of vacuum fluctuations in a quan-
tum field. The backreaction effects of CPC have been shown
to be strongly responsible for the isotropization and homog-
enization of the early Universe. Seeing the dissipative
effects of these ubiquitous quantum processes, Zel’dovich
in a short essay in 1970 [30] called it “vacuum viscosity.” It
was a brilliant foresight, but showing it formally was
nontrivial, as it involves three steps: (a) a well-defined
vacuum for quantum fields in an evolutionary spacetime,
(b) a viable procedure to regularize the UV divergences of
the stress energy tensor to arrive at a finite expression for the
energy density of particles produced, and (c) calculate the
backreaction of quantum processes (involving the Casimir
energy, the trace anomaly and particle creation) by solving
the semiclassical Einstein equation and the field equations
self-consistently. It was not until 1982 [31] that “vacuum
viscosity” acquired its full meaning by rigorous derivations
in the context of QFT CST and semiclassical gravity [32].
Many interesting ideas emanated from this vein of thought
on viscous cosmology, both of classical and quantum
origins, including current speculations on the nature of
dark matter and dark energy. We mention a few represen-
tative works here [33-42]. The two 2008 papers by
Klinkhamer and Volovik [43,44] are of special relevance
to our present work since they also invoke a time-changing
vacuum compressibility in the vein of emergent gravity.
While their goal is to explain the dynamical behavior of the
cosmological constant, our work at this stage only aims at
deriving the vacuum energy and pressure of a dynamical
space from the three unavoidable sources of vacuum
processes; namely, the Casimir effect, the trace anomaly
and particle creation. In a way we are applying a solid layer
of prime over a rough and spotty wall, so others can later
paint on it with colors of their choice for whatever purposes
without much worry of anything underneath falling off.
Only after we have done the same for thermal quantum
fields [45] and then for nonequilibrium quantum fields [46]
suitable for an evolutionary universe will we feel comfort-
able enough to begin thinking about how these sources of
vacuum energy bear on the cosmological constant issue.

B. Goal of this work

Understanding these QFT phenomena in quantum
thermodynamics terms is a primary goal of [9]; exploring
whether one can see them through the quantum capacity

and vacuum compressibility of curved and dynamical
spacetimes. In this work we have the same goal in mind
but a restricted scope, working with more tangible objects
which may prove more useful in analogy gravity experi-
ments such as a pulsating ring, a moving box or a bouncing
ball. Placing ourselves for a moment on mundane ground
we can think of a simple question like, how can you tell
what a balloon is filled with? Gas or liquid? What kind of
gas? The answer is known to even toddlers; bounce it on
the floor. A water balloon will probably splash rather than
bounce. A lighter gas will likely bounce higher.
Compressibility often refers to the material of the ball,
e.g., a volleyball is made of softer material and thus
bouncier under the same pressure than a basketball. Here
we are not concerned with the material which the ball is
made of, rather, we consider different kinds of quantum
fields filling a variety of spaces, like, on a 2-sphere $?, in a
3-sphere S° and in a rectangular box (with topology 3-
torus 7). We are interested in how dynamics would alter
the static values of vacuum compressibility, comparing
(a) nonadiabatic versus adiabatic conditions, (or sudden
versus gradual changes in the geometry of the spaces), as
well as comparing (b) the contributions from the three
quantum sources in various spaces; Casimir energy,
particle creation and trace anomaly, the latter containing
higher derivatives of the scale factor with time.
Nonadiabatic dynamics strongly amplifies the vacuum
fluctuations parametrically, as testified by many cosmo-
logical problems studied before; rapid expansion of the
early Universe produces copious amounts of particles and
their backreaction effects are much stronger than those
scantily produced under adiabatic expansions. For the
present problem we anticipate different responses from
nonadiabatic versus adiabatic processes (hitting the ball
hard versus slowly squeezing it) and a noticeable variation
in its vacuum compressibility. It would be interesting to see
how such quantum effects show up in simpler setups like a
pulsating ring, a moving box or a bouncing ball.

C. Five case studies

Indeed, these are the five cases we investigate: (1) a
massless conformal field in a (1 + 1)D ring with a time-
dependent radius, where the trace anomaly and Casimir
effect are the only vacuum quantum effects; (2) a massless
conformal field in a 2-sphere with changing radius, where
the trace anomaly is identically zero (for even spatial
dimensions [47]), but with a massive conformal field,
there is particle creation; (3) In (14 3)D we study two
situations, particle creation of a massive conformal field in
a 3D conducting box with one moving side; (4) a 3-sphere
in nonadiabatic expansion, and finally; (5) the trace
anomaly associated with a massless conformal field in a
3-sphere. See Table I for the layout.

In Case 1 we shall make use of recent results [48] from
backreaction studies of the effect of trace anomaly acting
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TABLE I. The red markings (left column) are used to indicate
quantum effects due to a massless conformal field, while blue
markings (right column) are for a massive conformal field. A
check mark indicates existence and a cross mark indicates
absence.

RxS'" RxS$*> RxS$ RxT?
Casimir energy 4 xv V4 &4
Trace anomaly 4 x x 4 4
Particle production — x v/ xv xv &4

on the ring. This result is derived with full-fledged
QFTCST methods which involve (a) deriving a formal
expression for the trace anomaly and the energy density,
(b) using suitable regularization schemes to remove the
ultraviolet divergences, and (c) analyzing the backreaction'
of these effects on the rate of contraction of the ring
(over and above that due to the static Casimir effects). We
shall use the vacuum energy obtained there to calculate
(numerically) the vacuum compressibility under dynamical
conditions.

For the three new cases 2, 3, 4, and 5 studied here we
ignore backreaction effects on the external drive and
assume the dynamics is prescribed.2

D. Approaches and justifications

Our specific goals in the present problem is to derive the
dynamical vacuum compressibility of model spacetimes.
For this we need to calculate the vacuum energy due to all
quantum field effects contributing to it, which includes the
(static) Casimir effect, the dynamical Casimir effect,

'Even though these quantum vacuum effects outside of strong
field conditions as in the early Universe or near the black hole are
small, when future experiments reach a high enough sensitivity
level the results obtained here for these simple and easily
accessible systems may prove useful. They could, in the spirit
of analog gravity, serve as a guide to connect with the back-
reaction effects of conformal anomalies and cosmological particle
creation.

*Notice that in all realistic experimental setups, backreaction
effects are innate, i.e., intrinsically included in the physical
parameters. Conceptually this is similar to bare versus dressed
masses or charges in the context of renormalization, namely,
quantum radiative corrections are already included in actual
physical parameters or dressed quantities. To study the back-
reaction effects in analog gravity experiments one needs to add
the dynamics of an external drive into the overall picture in order
to study how quantum effects such as particle creation would alter
its dynamics compared to the case where the drive undergoes a
prescribed evolution. Quantum friction is a good example where a
neutral atom moving at constant speed near a dielectric surface
experiences a steady drag force from the dielectric-modulated
quantum field. Compared to the simplistic case of an atom
undergoing uniform motion driven by some external source, the
drive in the case of quantum friction certainly experiences
nontrivial backreaction from the dielectric-modulated quantum
field through its action on the atom’s dynamics.

particle creation and trace anomaly. We can take advantage
of the techniques developed for QFTCST and semiclassical
gravity in the decade since 1977 [49-57] and make
reasonable approximations/assumptions based on results
obtained therefrom: (a) Since the backreaction effect on the
drive is not of our concern here we do not pursue this issue
in the new cases studied in Secs. III and IV. Instead, we
shall stipulate two types of temporal evolution which
enable us to calculate the effects related to particle creation
inR x $2, R x $3, and R x T3 without any approximation;
and (b) We do so by solving the three coupled first order
differential equations governing the Bogoliubov coeffi-
cients; two complex or four real quantities minus one
Wronskian condition [e.g., Eqs. (75)—-(77) of [58]] numeri-
cally with the specified time dependence of the scale factor.
This new approach is an improvement over earlier treat-
ments. Once the vacuum energy from these two processes
in these spacetimes are obtained it is easy in technical terms
to derive the vacuum pressure and the compressibility.

Here it is perhaps appropriate to add a comment on the
value of our present work. We mention three aspects:
(1) An experienced researcher in cosmological particle
creation and backreaction may find there is little funda-
mentally new in terms of principles. Granted, it is when
these principles are applied to corresponding analog gravity
setups that calculations found in the literature are either
incomplete or incorrect.” We want to employ the best
methodology established in the cosmological context and
apply them to the problems under study of value to possible
future analog gravity experiments; (2) To calculate the
vacuum dynamical compressibility of a space we need to
include all contributions of vacuum energy and pressure.
One cannot use one kind of partial pressure due to one kind
of vacuum process, such as Casimir or particle creation or
trace anomaly, to calculate the partial dynamical compress-
ibility, because they do not add up to give the correct
expression of dynamical compressibility. It is the derivative
with respect to the total pressure which counts. Because of
this, and the fact that vacuum energies have been calculated
in the literature for some but not all sources, we need to “fill
in the gaps” and do it in as vigorous a way as possible;
(3) Even though in this paper we have derived the behavior
of vacuum dynamical compressibility for some typical
spaces, because of its novelty, further work is needed to
unlock its deeper physical meanings in our understanding
of the quantum thermodynamics of spacetime. We view this
work as only taking a first step in that direction.

’An example of the incompleteness is, despite an abundance of
work on Casimir and dynamical Casimir effects, we have not seen
much discussion of the effect of trace anomaly in the correspond-
ing setups, even though both effects are on the same footing. In
fact the latter’s importance takes over the former as higher time
derivatives of the scale factor contribute. An example of “in-
correctness” is in Ref. [59] where presenting the dynamics is
misconjured as including the backreaction.
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E. Organization

This paper is organized as follows: In Sec. Il we present a
summary of the recent results in [48] for the energy density
of a conformal quantum field in a 1D ring with changing
radius. We then work out the dynamical vacuum compress-
ibility of this space, due to the trace anomaly and Casimir
effect in the ring. In Sec. III we present a calculation of the
energy density of particle creation from the nonadiabatic
parametric amplification of vacuum fluctuations of a mas-
sive conformal scalar field in a two-dimensional sphere with
time varying radius. From this we obtain the dynamical
vacuum compressibility of a two-sphere due to particle
creation. In Sec. IV we do the same for the 3-sphere,
calculating the energy density first for particle creation from
a massive conformal field, then for the trace anomaly of a
massless conformal field, both under specified time varia-
tion of the radius. After integrating over the spatial volume
we obtain the energy, the pressure and the vacuum com-
pressibility as functions of time. In Sec. V, we present a
careful analysis of the particle creation process of a
conformal massless scalar field in a symmetric Bianchi
type-I spacetime with T3 topology, by allowing only one
dimension to expand. We work out the energy density,
pressure and dynamical vacuum compressibility of this
space, neglecting all other less important effects. The results
are shown in plots. This is a prelude to a more complete and
in-depth treatment of this problem in the more realistic
context of cosmology by the authors of [9] in their second
paper [46], by way of the nonequilibrium influence action
for the free energy density. In Sec. VI we summarize the key
points in the quantum field theoretical derivations and
highlight the distinct features in the vacuum energy,
pressure and compressibility in these two kinds of quantum
field processes in the different spacetimes studied.

II. VACUUM COMPRESSIBILITY OF
R x S! WITH BACKREACTION

In this section, we derive the dynamical vacuum com-
pressibility from the vacuum energy density of a conformal
quantum field by considering the one-dimensional torus that
is analogous to the moving mirror with a periodic boundary
condition. We impose periodic boundary conditions on the
field at the surface of the mirror. Thus, the configuration is
equivalent to a one-dimensional ring with changing radius
[48]. In so doing the original problem can be recast to that of
finding the dynamical vacuum compressibility of a con-
formally coupled quantum field in R x S' topology. Two
different vacuum quantum processes need be considered;
the Casimir effect (static and dynamic) and trace anomaly.
We include the key steps in the derivation for the conven-
ience of those readers who may not be so familiar with the
relevant quantum field theory in curved spacetime calcu-
lations. In this case the backreaction effects of these
quantum processes on the system are included, so the scale

factor a(r) that plays the role of the mirror’s spatial distance
is dynamically determined, rather than prescribed a priori.
They will provide a benchmark for comparison with cases
treated in Secs. III-V where the backreaction effects are
ignored, that is, a(¢) following a given trajectory.

We shall calculate the vacuum energy, pressure,
and compressibility of the quantum field associated with
the Casimir effect and the trace anomaly. In this lower-
dimensional case, the expression for the trace anomaly is
sufficiently simple, enabling one to dynamically determine
the evolution of the scale factor including the backreaction
effects of the quantum field.

Here we consider two mirrors in a one-dimensional
space, one of which is fixed at the spatial origin and the
other is allowed to move. The spatial location of the moving
mirror varies with time ¢ as a(¢z)L. Here L is a constant
measuring the “size” and a(7) is a scale factor which varies
with time, describing the motion of the second mirror. We
impose a periodic condition on the field at the surfaces of
the two mirrors, so as far as the field is concerned, the space
has a S! topology with a time-dependent scale factor a(t).

Equivalently we can consider a two-dimensional space-
time with line element

ds* = dt* — a(t)*dx>. (1)

Identifying x and x + L, L becomes the coordinate circum-
ference. This is an Einstein cylinder (See, e.g., [60]) with
topology R' x S'. Introducing the conformal time 7z
defined by dn = dt/a(t), the metric can be written in a
conformally-flat form,

ds* = a*(n)|dn* — dx?]. (2)

A conformally coupled, massless scalar field ¢ living in
this spacetime is defined by the action

1
5= [ x/als bt o)
satisfying the Klein-Gordon equation,
C¢p = 0, (4)

where the Beltrami-d’ Alembertian operator [] on a scalar is
given by

1
L= gaﬁvav/i = ﬁa(z(glﬁﬁa/i) (5)

and V, is the covariant derivative operator. The partial
differentiation of a tensor will be denoted by a comma in
the subscript followed by the coordinate with which the
differentiation is carried out, while the covariant derivative
of a tensor is denoted by a semicolon.
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Carrying out a normal mode expansion for this field,
we have

d(n.x) = lag, fr, (0. %) + & fi (1.0, (6)

kﬂ

where f; (n,x) is the positive-frequency solution of (4).
Under the specified spatial topology, the k,, form a discrete
setk, = 2zn/L, n € Z. In a conformally flat spacetime, the
mode function f; is exactly solvable,

1

—— oilkyx—lkyln) 7
4 3
Ve "

Sr, =
with the normalization condition

ift (1.%) 0yfr, (1.X) = S, (8)

Here 6,, is the Kronecker delta. For positive n, fi
represent modes moving counterclockwise; when n is
negative, f} corresponds to modes moving clockwise.

Taking the variation of the action with respect to the
metric tensor, we obtain the classical energy-momentum
tensor:

2 68

T
v vV |g 69/#/

which is traceless, T,/‘ =0.

With the field variable promoted to be field operator we
have the energy-momentum tensor operator. Using the
mode expansion Eq. (6) for Eq. (9) the (unrenormalized)
vacuum expectation values are obtained. From there, we
obtain an expression for the energy density

= (0.9)(0,0) — gﬂug’”’( 0,$)(9,0).  (9)

T 00 = 3050013 50,7011 )0uF7)

ky
- —’;Z (10)
n=0

where U* is the observer’s four-velocity. In particular, U
has components (1,0, ...,0) in the comoving frame.

This formal expression for the energy density in Eq. (10)
contains ultraviolet divergences which need to unambigu-
ously identified and removed, we adopt the adiabatic
regularization method, briefly explained in the following
(see, e.g., [48] for details).

It is more instructive to work with a massive conformally
coupled field ¢. With a mode expansion in the form

Bln.x) =3 [Afilnx) +

k

Afino]. ()

(we denote the annihilation operator of each mode by A « to
distinguish it from its counterpart in the massless field case)
in a spatially homogeneous spacetime, the mode amplitude
functions f(n, x) are separable into

Jr(n, x) = 2r)~2e®y (n). (12)

The normalization condition for f; leads to y;d,x;—
X9k = i. Substituting Eq. (12) into the Klein-Gordon
equation (4) yields

21 () + o (n)y(n) = 0, (13)

with w, = Vk* + m?a?. This is the equation of motion for
a parametric oscillator.

To identify the UV divergences in two-dimensional
spacetime considered here, it is sufficient to find a
(positive-frequency) Wentzel-Kramers-Brillouin solution
to Eq. (13) up to the second adiabatic order, which should
capture all the vacuum divergent terms,

2= W1 exp{—i I dn/Wkw/)},

1
Wk = a)k(l +€2)1/2 %wk (1 +E€2>,

d?
—1/2 1/2
€) = _Cl)k / d 12 k/ . (14)

Substituting f; into Eq. (10) with y; given by (14), then
taking the massless limit, we find an expression for the
energy density of the conformally coupled field evaluated
in the second-order adiabatic vacuum, |0,),

1a2

Oaltulonvrvr =5 [Tk + 525 as)
in the comoving frame, where the overhead dot denotes
taking the derivative with respect to the comic time ¢. The
renormalized energy density of the conformal scalar field in
its conformal vacuum is given by

T,,) U0 = (04T,

< /w>regU U= < /41/|0A>U”UD

n=0 0
P 1 a2
= 6 dna (16)

In arriving at (16), we have introduced a cutoff to regularize
the divergent series and integral. Without any cutoff scale
appearing in the end results, this gives a finite well-defined
expression for the energy density (see [61,62] for an
application to quantum fields in the Einstein universe).
We will elaborate more on this in Sec. IV B.
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The first expression on the right-hand side of (16) gives
the Casimir energy density for a ring of circumference L.
It becomes more negative when the scale factor a(t) gets
smaller, independent of the derivative of a(). The second
term is due to the trace anomaly (“anomaly” because the
classical stress tensor is traceless). It vanishes when a(r) is
a constant because the metric (2) becomes Minkowskian.
Both contributions are negative definite, so the renormal-
ized energy density in this configuration is always
negative.

We are interested in the total energy in the spacelike
hypersurface orthogonal to comoving observer’s four-veloc-
ity. To do so, we integrate the energy density observed by the
comoving observer using the induced metric on this hyper-
surface. The induced metric is obtained by the projection
Yw = U U, — g, such that y,, U = 0. Integration gives
the total energy of the field:

L
E= | diyp(T,)eUtU = —————,
/)\ X\/7—/< ﬂl/>I’Cg 2471_ a 661

where by setting L = 1, the physical length (perimeter) or
volume of the ring is a(¢) without loss of generality. This
energy is negative definite, and is unbounded from below.
Since the motion of the mirror is relatively mild, the trace
anomaly, dependent on the derivative of the scale factor,
plays a subdominant role. The major contribution of vacuum
energy in this case comes from the Casimir energy.
The pressure P is given by

0E
v

aE .2 .
_GE_ 4 L 4 (18)

P= S
0,V 6a> 24na’>  12na

since both E and V are time dependent owing to the
changing scale factor a(z). The first term on the right-hand
side, devoid of any time derivative of the scale factor,
representing the Casimir energy is due to the topology of the
space. The remaining terms in (18) can be identified as
contributions from the trace anomaly. Unlike the contribu-
tion associated with the Casimir energy, this component is
not sign definite, depending on the higher derivatives
of a(t).

With this, the vacuum compressibility kyac 1S given by

1oV b a? i a ]!
Kkyac=———=|—-75—-——5+—-
VAC VoP 3a2 127a®  6ma 12na

(19)

Again, the first term inside the brackets comes from the
Casimir energy, which is independent of @, even though in
arriving at this expression we have taken the time derivative
of P(t). Thus this contribution has the same form as the
counterpart in the static FEinstein cylinder. The trace

anomaly contribution, like that in P, contains higher
derivatives of a(t). Once we have numerically obtained
the time evolution of the scale factor a(z), we may
use the above result to find the time evolution of E, P
and Kyac-

It is of interest to ponder over the implications of (18).
Suppose we start with a slowly varying a(z) from a constant
value, such that the ¢ term has a negligible initial con-
tribution. The negative pressure (18) generates a contracting
stress, making the ring smaller. This trend is independent of
the sign of a. A smaller a makes the inward pressure even
stronger and the shrinking even faster. Once d becomes
negative, this trend becomes unstoppable and the ring
spacetime is doomed to collapse. Positive initial @ merely
slight deters this from happening.

A. An example of prescribed a(?)
with positive pressure

From (18), to generate a positive pressure, we need a very
large d such that the third term in (18) becomes dominant. In
other words, we would like the factor ad to be at least as
large as @”. It implies that a(¢) needs to be a rapidly
increasing function of ¢, preferably faster than exponential
growing. Then we may see the pressure taking on positive
values and increase monotonically with 7 or a(z). This is
pretty easy to achieve if a(f) is prescribed by, say,
a(t) =1+ e/ as shown in Fig. 1. In this case, even
though the volume is expanding, the total energy drops to
large negative values. Apparently in this regime, the Casimir
effect is negligible, so the dominant effects come from the
trace anomaly, related to the derivatives of a(r). The
pressure in this case is positive, but it is not large enough
to account for such a rapid expansion, so we expect such a
scenario may not be realizable self-consistently. An external
agent is needed to drive the expansion. In addition, the
pressure increases with the volume, and this is the cause of a
negative compressibility. It is in stark contrast with our
experience with the ideal gas that when the volume expands,
the pressure inside the volume decreases inversely. Even
with this unusual compressibility, the spacetime seems to
respond to the vacuum energy of the field in such a way that
it is quite compressible at early times but becomes relatively
less compressible at late times due to the larger absolute
values of the vacuum compressibility.

B. An example of increasing then decreasing a(¢)

In comparison, we add one more example in Fig. 2. In
this example, the volume of S! or the separation of two
mirrors increases and then decreases, following a Gaussian
function of time,

2

a(t) = ag + Ae~(=0)°/7 (20)

065027-6



DYNAMICAL VACUUM COMPRESSIBILITY OF SPACE

PHYS. REV. D 109, 065027 (2024)

Volume
V(t)
5000
4000
3000
2000
1000
0.2 04 0.6 0.8 1.0 1.2 14
Pressure
P(t)
3.0
25
2.0
1.5
1.0
0.5
0.2 0.4 0.6 0.8 1.0 1.2 14
FIG. 1.

Energy
E(t)
4
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-2000
-4000
-6000
-8000
-10000
Compressibility
t

We consider a massless conformally coupled quantum field in an Einstein cylinder of topology R! x S' where the radius (scale

factor) is presetas a(t) = 1 + ¢/ with 1/72 = 5. Plotted here are the time dependence of the volume of the space, the vacuum energy
and pressure of the field due to the Casimir effect and the trace anomaly combined, and the vacuum compressibility of the space

associated with these sources.

where without loss of generality a, can be identified as the
scale at t = —oo, A the maximal amount of scale change, 7
the width of the Gaussian, and 7, the moment of maximal
separation. There are a few unusual features. The total

Volume
V(t)
3.0
25
2.0
15
0.5 1.0 1.5 2.0
Pressure

E(t)

energy reaches the least negative value at the moment
t = t, where the volume is the largest. This is solely due to
the Casimir effect, the trace anomaly containing & plays
no role. In contrast, for the pressure at 7 =1, the

Energy

-0.20
-0.25
-0.30
-0.35
-0.40
-0.45
-0.50

Compressibility

-10

FIG. 2. Time dependence of the volume, energy, pressure and vacuum compressibility in an Einstein cylinder R x S' with radius
(scale factor) following a preset Gaussian time dependence given by (20), with ay = 1, A = 2, 1, = 1, and 1/7> = 5. Same quantum

field and vacuum processes as in Fig. 1.
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contributions from the Casimir effect and the trace
anomaly are respectively given by

7 A/7?
Pea(ty) = “6(ag 1 A Pra(ty) = “6n(ay+ A)°
Prato)  Alag +4)
Pealty) =t @)

Thus, their relative dominance depends on the scales we
choose for the scale factor. Generally speaking, since the
trace anomaly is related to the time variation of a(r), we
expect Pra(fy) will be more important when the Gaussian
peak is very narrow, representing rapid time variation of the
scale factor. The M shape of the curve of the pressure in
Fig. 2 is essentially caused by the trace anomaly because it
is dominant for the parameters chosen for Fig. 2. In the case
when the Casimir effect dominates, the curve monotonically
increases to the least negative value, and then monotonically
decreases, simply reflecting the change of scales. The most
extraordinary feature of this example is that the compress-
ibility is not well defined at certain moments. From the
definition of compressibility, we see that dV = —kyscVdP,
and such critical behavior tends to happen when P has a
local extremum but a is still changing, so that dP ~ 0 but
dV # 0. If the interpretation of compressibility still holds
here, then it implies that the ring is the most deformable at
this juncture. The culprit of this pathology may be traced
back to the trace anomaly, as shown in Fig. 3. In the left
column, the parameter 1/7> = 5, while 1/7°> = 1 for the
plots in the right column. It is easier to identify the

Pressure

P(t)

0.1 /\
05 1.0 15 2.0
01
P \—/

-02
-03
-04 P
-05

Compressibility

Rvac (t)

| t
05 1.0 15 2.0
-5
-10

contributions from the Casimir effect and the trace anomaly
in the plots of P(¢) in the first row. We note by comparison
that the curve for the contribution from the trace anomaly
tends to have more wiggles due to its dependence on various
derivatives of a(t). In addition, as addressed earlier, the
trace-anomaly contribution in P becomes more important
for large 1/7%. These two factors bring in the compress-
ibility shown in the left column of Fig. 3. In comparison, the
compressibility in the right column appears better behaved.

For the model outlined in Ref. [48], the behavior of a(r)
in principle can be dynamically determined if we include
the backreaction considered above. The corresponding
plots are shown in Fig. 4. The generic behavior is consistent
with the above analysis. Since the increasing inward
pressure causes the volume to shrink, we expect that the
vacuum compressibility takes on negative values. However,
it approaches zero when S! shrinks to a dot, and the space
acts like a incompressible, rigid body.

It is interesting to comment on an observation that by the
numerical tests, the results in Fig. 4 is rather generic if the
initial condition a(0) < v,., where the critical value v, is
given by

1
Ve = —F———. (22)
Vi2am -1

When a(0) is greater than v,., the dynamics of a(¢) has a
qualitative change. It will grow indefinitely, but the energy
and the pressure all approach zero. The consequence is that
the compressibility grows rapidly with time, as shown
in Fig. 5.

Pressure

-0.05

Compressibility

0.5 1.0 1.5 2.0

FIG. 3. The time dependence of the pressure for the Gaussian evolution a(r) = ay + Ae~(=0)"/7 is shown in the first row for two
choices of 7. We decompose P(7) into two contributions Py and Pry respectively associated with the Casimir effect and the trace
anomaly. In particular, the distinct behavior of Py is related to the compressibility shown in the second row. We set 1/72 = 5 for the
first column, and 1/7> = 1 for the second column. The other parameters chosen here are ay = 1, A =2, and 1, = 1.
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FIG. 4. The time evolution of the volume, pressure, energy, and compressibility of a massless conformal quantum field in a one-
dimensional moving mirror setup, which after a periodic boundary condition is imposed, acquires a R x S' topology. The evolution of
the scale factor a(r) is dynamically determined by incorporating the backreactions from the vacuum energy, adopting the findings of
Ref. [48]. The initial conditions of a(r) are a(0) = 1 and a(0) = 0.

III. VACUUM COMPRESSIBILITY OF R x S? vacuum processes include the Casimir effect and sponta-
neous particle creation.

Now we turn to the vacuum processes of a massive . . .
P ’ The line element of R x S? spacetime is

conformally coupled quantum field in a R x $? spacetime,
whose spatial sector is a two-sphere with time-dependent

radius following a prescribed protocol. In this case, the ds* = a*(n)|dy* — d&* — sin*0dyp?), (23)
Volume Energy
V(t) E(t)
200 400 600 0 ¢
1500
~0.001
1000 -0.002
500 -0.003
/ ~0.004
200 400 600 800 1000
Pressure Compressibility
P(t) Fvac(t)
200 500 800 1000 ¢ 400 600 800 1000
~500000
-5x107°
-1.0x108
-0.000010 -15x108
-2.0x108
~0.000015 2510

FIG. 5. The time evolution of the volume, pressure, energy, and compressibility of a massless conformal field in the one-dimensional
moving mirror setup in the same configuration as in Fig. 4 except we set a(0) > ..
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with €0, 7], and ¢ €[0,27). It has the same form as
that of a (1 4 2)-dimensional closed Robertson-Walker
universe.

Assume that the field has mass M, conformally coupled
to curvature, and its action is given by

_ % / Ex\/=glg" b b — (M +ER)P?, (24

where the coupling strength takes on the value & = 1/8,
and the Ricci scalar R is given by

2 247 44"

2 T (25)

R=-

The field equation

(O+M>+ER)p=0 (26)
permits an expansion of the form
o= [l +alfiw) @)

where the operator g) annihilates the vacuum state defined
at the initial time 7, and the measure [ dii stands for

(28)

when k takes on discrete values permitted by the indices /
and m of the spherical harmonics Y,,,(6, ¢).

Because of the isotropy and homogeneity of space,
the mode function fy(x) is separable and is given by

(1,0, 9) = a(n)™"?Y 1,,(0, @)x1(n) with y; satisfying

w? = (1+1/2)*+ a(n)*M>.
(29)

X1 () + of (n)x(n) =0,

The spherical harmonics Y, (6, ¢) are normalized to

/ dgz Ylm (9’ w)Y}k’m’<€’ (,0) = 511’5mm” (30)

where dQ, is the solid angle element associated with S2.
In this case, the expectation value of the energy density,
as measured by a comoving observer, is given by

(d )0 = 32( ){m P+ 2P
(1)

We can rewrite the summand |y)(17)|* + @7 (n)|y;(n)* in
terms of two time-dependent complex functions ; and f;
by the ansatz

1
){1:\/7(’7){0161 +ﬁ1€1 }

X =i wlé”) [a,el ﬁlel ], (32)
with
egi) = exp {ii /r’ dn’wl(n’)] . (33)
o
The normalization condition requires |y (n)]> —

|:(n)|> = 1. Combining Egs. (29) and (32), we obtain a
simultaneous set of first-order differential equations for

a; and f3),
1 /
4= (L) e (34)
1 /
pi=5 () era (35)

These are constrained complex-valued equations, so they
can be re-written into three real-valued differential equa-
tions by introducing three real variables,

51 = Bl P = affjet + ajpel.

q = i(a,ﬂ?e% - a}“ﬁzei)- (36)
We then arrive at three real first-order differential
equations for s;, p; and ¢,

/

a)/
S)=~—p,. P;= 5(14‘2%) 2w,q,,

/
=2 .
20, q oy

(37)

If we assume that no particle is present in any mode at
the initial time 79, then we have a;(ny) = 1, f;(19) = 0,
which in turn implies s,(179) = p;(no) = q;(n9) = 0. Thus,
we can express |;(n)[* + @7 (n)|x(n)|* simply by s, i..,
|8;|?, and find

<AW> UryY = (38)

i( 3 ) QAP + D

0

What we are interested in, particle production, is contained
in the |B/|> term. The w;/2 term contains zero-point
fluctuations, and is the main culprit of UV divergence.
After regularization, it will yield the Casimir energy density
associated with S? topology. The regularization is per-
formed by subtracting out the energy density of the
corresponding continuous limit, by taking a — oo
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FIG. 6. Time evolution of the volume, pressure, energy, and compressibility of a massive conformal field in R x S2, with the scale
factor taking on the exponential form (42), with ay =1, t, =0, and 7 = 1/5.

A  R— 1
v =—— > (145 ) @B+ 1
< lll/>PhyS 4ﬂ'a3 par ( + 2) ( |ﬁ1| + )(1)[

=0
2 & 1 )
:47[613; H—E 1Bil*@; + pca. (39)
where
— E/l d 57”_52 (40)
Pca = 7 0 62”Mu§ +1 ,

is the Casimir energy density [63].

Since the space is homogeneous, the total energy of the
quantum field on a spacelike hypersurface at a particular
cosmic time of interest is obtained by multiplying the
energy density by the volume,

A

E(”/) = V< uzx>physUﬂUU = 4”a2<Auv>physUﬂUy' (41)

Here we will consider two illustrative examples of
prescribed a(z): (1) monotonic exponentially growth and
(2) Gaussian, which contains a rise stage and a fall stage.

(1) Here we suppose the universe, which maintains a
constant scale before ¢ = 1;, undergoes some phase tran-
sition such that it starts exponentially expansion after t = t.
The scale factor is an exponentially growing function of
cosmic time ¢,

ag, t <ty
a(t) = { -1p (42)

ape > to,
where 7 measures the rate of change of the scale factor, and
t, represents the time theses two phases join, and, without
loss of generality, we let ag = 1, ¢, = 0. We can numerically
solve the set of first-order differential equations for sy, py,
and gy, and find the energy according to (39) and (41). The
pressure and compressibility then follow suit. The relevant
results are shown in Fig. 6.

The volume of $? is given by V() = 4rna®(t), and the
vacuum energy scales roughly proportional to the scale
factor, i.e., E(f) « a(t). Among various contributions of the
vacuum energy, the Casimir energy is essentially negligible
for a macroscopic universe of size greater than the Planck
length, and interestingly enough, it increases to a positive
constant when ¢ is greater than of the order 7. Thus, at late
times ¢t > 7z, the vacuum energy associated with sponta-
neous particle creation is dominant.* It is interesting to

*A word of caution about the numerical calculations of the
latter contribution. It is noted that for each ¢, once we have
included a sufficiently large number of modes, the numerical
result barely depends on the number of modes. Thus, we can set a
finite upper bound of the summation in (39), instead of oo, to save
the computation resources. This upper bound is time dependent,
and grows very rapidly with time. If we cut corners by including
an insufficient number of modes, the numerical results show an
artefact, demonstrating oscillator behavior. Physically, the time-
dependent cutoff is related to the fact that particles in the higher
modes are created so that the total number of created particles are
expected to increase with time. Thus, we need to raise the upper
bound of the summation to accommodate the contribution of
newly created particles.
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FIG. 7. Time evolution of the volume, pressure, energy, and compressibility of a massive conformal field in R x S? space where the

scale factor undergoes a Gaussian expansion (43), with ay =1, fy = 1, A =2, and 7> = 1/5.

point out that the vacuum energy density reaches a local
maximum at # ~ 0.439. Note that in R x §? spacetime, the
vacuum energy does not contain any contribution from the
trace anomaly because it is known that there is no trace
anomaly in odd-dimensional spacetime [2].

The pressure P(f) then takes on negative values and
scales like —a~! at late times. That is, the spacetime
experiences a very weak inward pressure. This pressure
has a local extremum roughly at #~0.323, when the
Casimir energy is about to reach the saturated value.
Both effects are not causally related because, as have been
argued earlier, that the Casimir energy is typically small. At
this moment, the universe is still expanding, so it causes the
vacuum compressibility kyac to be ill-defined there. This is
not too unfathomable because here we stipulated the
universe to expand in a particular way. At late times, the
compressbility is then negative and decreases proportional
to —a(r), as a fated consequence of E(¢), driven by a(r).

(2) The scale factor is a Gaussian

(-19)?

a(t) = ag+ Ae = .

(43)

As seen in the R x S' case, it contains more scales in the
expression, so the results, shown in Fig. 7, tend to be more
complicated. In this toy model, the universe first rapidly
expands to a maximal volume at r = #; and then contracts
back to the original size. For the current choice of the
parameters, the curve of the vacuum energy has an
inflection point at # = f, and then grows to a constant at
sufficiently large time. The height of this saturated value
depends on the rate of expansion and the mass of the field.

Similar to the previous case, the Casimir energy is quite
small, compared to the energy E), associated with sponta-
neous particle production as a result of rapid expansion.
However, the shape of E, is sensitive to the parameters in
the configuration, in particular, the mass of the field. If we
choose the values of field mass M = 10, as shown by the
orange curve in Fig. 8, then the curve of £, shows a major
double-peak feature, and then quickly decays to very small
values. A larger field mass in principle can amplify the
effect of the scale factor in (29), making a given mode more
energetic. Thus, the contribution to the energy attributed to
particle creation can be boosted. This sounds very para-
doxical because we would expect that particles of heavier
mass are harder to produce. Indeed, as shown in Fig. 8, the
density of created particles is suppressed when the mass
increases from M =1 to M = 10, but the oscillatory
frequency of a given mode increases in such a way that
E,, still grows with mass during the transient moments. At
late times, when the universe asymptotically returns to its
original size, the particle density seems to saturate to a very
small value, roughly proportional to M~! for sufficiently
large M. This is consistent with our expectation that it is
harder to create heavier particles.

It may seem a bit strange that the positive Casimir energy
acquires the largest value when the universe is at the
maximal scale. The Casimir energy density is inversely
proportional to a(), and indeed it is a minimum at ¢ = f,.
However, when multiplied by the volume of the universe
which increases fast the energy takes on the greatest value.
Our numerical calculations show that both E, and the
Casimir energy are actually proportional to M even though
(40) superficially has a overall factor of M> outside the
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FIG. 8. Comparison of the energy £, associated with spontaneous particle production and the density of created particles in the first

100 modes in R x S when the scale factor is given by a Gaussian expansion (43), with ag =1, 1, = 1, A =2, and 7> = 1/5. The
orange curve corresponds to M = 10, while the blue curve has M = 1.

integral, so the contribution of the Casimir energy remains
small when the field mass takes on a larger value.

The temporal behavior of the pressure contains several
local extrema, so the compressibility becomes ill defined
there.

IV. VACUUM COMPRESSIBILITY
OF CONFORMAL SCALAR FIELD IN R x §3

A. Massive field: Particle creation

We first consider spontaneous particle creation of a
massive conformal field in (1 + 3)-dimensional Robertson-
Walker universe with line element

ds* = a*(n)[dn* — y;;dx'dx'], (44)

where the spatial metric y;; is given in hyperspherical
coordinates by

yijdx'dx! = dX* + sin*X (d6* + sin*0dp?), X €0.x].

(45)

The wave equation governing massive conformal fields is

[D+M2+2R}¢=0’ (46)

where R = 6a=>(a'a" + 1), and the curvature coupling
constant £ is 1/6 in S3.

The mode expansion of the field operator ¢(x) has the
same form as before,

) = / dilafi(0) + alfi ). (47)

with the measure [ dii defined by

(48)

The mode functions f), in terms of the hyperspherical
harmonics, have the form

S X.0.0) = ain) " ()Y um(X.0.0).  (49)

with the amplitude function y,() obeying the wave
equation

xi(n) + wi(mxa(n) =0, (50)
where @7 = k* + a(nn)*M?* = k* + u(n)>.

The procedure henceforth is similar to what was pre-
sented in the previous section for R x S? spacetime, except
for the difference in the prefactors of the mode sums

k—1

]
> Tulfu filUrv

=0 m=-1

= a7 2 RGP + okl

(T,,)UFU" = i

(51)

The form of y, is the same as in the R x S? case, so is the
expression of the energy density

(5]

S RlaxIB2 + 1] (52)

k=1

<T/w>U”U” = a22a8

The above expression is formally UV divergent, and
subtraction of terms of the corresponding adiabatic orders
is needed to obtain a finite expression. The latter have been
calculated in [64]. The finite physical energy density is
given by
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FIG. 9. The time evolution of the volume, pressure, energy, and compressibility for a massive scalar field in R x §* with a(r)
following an exponential expansion. The parameters are the same as before, but here we choose a shorter timescale. The pressure will

tend to a negative constant, not shown in the plot.

< uv)physU U =

2 2 3

a///al a//2 4a// 12
2 —
a a a

The Casimir energy on the other hand is given by

[Se]

Pca — 4 5 4/ dkkza)k. (54)

After performing the integration, we obtain
0 2 12
a
EARSCHE
k:
6 {a///al 1 a//2

< m/>physU U = 4871'2a4 + pca

t 288024 24

a> 2 d?
2a// 2 la/4
e 55
a3 +2a4} ( )

Expressing the result in cosmic time,

© 2.2

< ,Ml/>phybU U=

1 )
[wk(2|ﬂk|2+1)]—WA dkkz{wk+ 80 2

/4:| 7M6a6 |:a//a/2 a/4:|
4

Mia*
7
w, a- 32w,

Md* o

a’ a*

IOSMS 8 /4
ala } (53)

160 128w} d*

gives the total energy. The third term is the Casimir energy
and the expressions in the second line (shown in the next
section) come from the trace anomaly. The second term is
related to the nonzero trace of the classical stress tensor of
the massive field. The numerical results for (a) an expo-
nential expansion and (b) a Gaussian evolution are respec-
tively shown in Figs. 9 and 11, with the volume given
by V(t) = 27%a’(1).

For the case of exponential expansion, the vacuum
energy contains four components. The contribution from
the Casimir energy, like before, is negligibly small for a
macroscopic universe. The vacuum energy E in this R x $3
case scales like a® (7). At first glance it appears plausible to
relate it to the fact that the number of allowed modes
increases exponentially with the spatial dimensions. It turns
out this is not entirely true. As will be explained later, this
scaling mainly results from the trace-related contribution of
the vacuum energy in a rapidly expanding universe. There
are two types of contributions associated with the trace of the
renormalized expectation value of the energy-momentum
tensor of the massive field; one is related to the nonzero trace
of the classical stress tensor, and the other, independent of
mass, results from the trace anomaly. For a rapidly expanding
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FIG. 10. Comparison of the time evolution of the energy densities associated with spontaneous particle creation and the trace for a
massive scalar field in an exponentially expanding 3-sphere R x 3. We use the same set of parameters as before.

case like the current one, their contributions tend to dominate
over the one due to spontaneous particle creation, because
these contributions contain higher-order time derivatives of
the scale factor. In particular, the trace anomaly contribution
in a fast expanding universe typically is more important than
the one associated with the classical trace as long as m is
smaller than the inverse of the expansion timescale. On the
other hand, for a slowly (but not adiabatically slowly)
expanding universe, say 7 = 1, the contribution associated
with the trace can be comparable or even smaller than the
counterpart by spontaneous particle creation.

In this case the time evolution of the vacuum energy may
reveal additional complexity due to the competition of
different timescales such as the inverse mass, 7, or their
combinations. From the time dependence of the vacuum
energy, we may roughly deduce the time evolution of the
pressure and the vacuum compressibility accordingly. At
late times ¢ > 7, P(t) scales like a°(¢) and is thus a negative
constant. Again the pressure has a local extremum at
t~0.225, its presence causes the compressibility to be
ill defined there.

It is interesting to compare this with the above timescale
t ~0.344 when both the vacuum energy density E£/V and
the ratio E,, / E, reach the local maximum, in which E| is the
contribution associated with the trace. At first glance it is
not clear why both ratios reach the local maximum at the
same moment. A closer numerical inspection shows that
the energy density associated with the trace quickly reaches
a saturated constant for the exponential expansion case.
This can be readily seen from (56)

a at 2

M?*a? N 1 a*a  at @ i
- —————=+ad
487%a®  48072%a?

Mm? 1
T [1 N 20M212} ' (57)

This further reveals how the magnitude and the sign of the
trace-related contribution in vacuum energy can depend on
the mass M of the field and the expansion rate z~!, and
allow us to assess the importance of this contribution.

Thus, the time variation of the vacuum energy density
pvac 1s mostly governed by the contribution due to
spontaneous particle creation, as shown in Fig. 10.

Compared with the R x S2 case, there are two major
distinctions: (1) The contribution of the vacuum energy
scales differently among the two cases. Thus, this variation
will cause the pressure and compressbility to scale in a
different way; and (2) The vacuum energy in R x §?
spacetime is always dominated by the process of vacuum
spontaneous particle production for a macroscopic uni-
verse, but in R x $° spacetime, the most important con-
tribution depends on the expansion rate and the mass scale.
For a fast expanding universe, the trace-related contribution
dominates.

When the scale factor assumes the Gaussian form, (43),
the time evolution of the vacuum energy gets increasingly
complicated because the trace related contribution depends
on various time derivatives of the scale factor, introducing
multiple scales into the evolution. The behavior of the
energy E, associated with spontaneous particle production
is very similar to that in R x 52, but the curve of vacuum
energy E looks somewhat different from the counterpart in
the R x S? case. It can be negative before the universe
reaches the maximum size. This is related to the fact that
the trace related contribution E, is negative about ¢ = f,
and its absolute value is slightly larger than E,, for the
current choice of parameters. It is worth mentioning that the
time evolution of E, is symmetric about ¢ = 7, because each
term contains an even number of derivatives of the scale
factor of the Gaussian form. Thus, the contribution E,
becomes negligible at late times.

It is not too surprising that the compressibility has pretty
wild behavior, but it approaches zero at late times. This
suggests that the space manifest itself as a rigid body. That
is, the volume barely changes when the outward pressure is
slightly increased.

B. Massless field: Trace anomaly

Now we return to the effects due to the trace anomaly.
The action of a massless conformally couplws scalar field
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FIG. 11.
a(r). We use the same set of parameters as before.

in a closed Robertson-Walker spacetime with scalar cur-
vature R is

1
5= [ dxgl b, - v (69
It is invariant under conformal transformations, i.e., g,, —
a’g,, if we set £ =1/6.
The frequencies w; of the normal modes in Eq. (50)
become time independent and are given by |k

11 (n) + o (n) = 0. (59)
The energy density is formally divergent at the UV end,

1 o
Oy

k=1

(T,)UrUY = (60)

Before we carry out the renormalization of the energy
density expression, we note that although the trace of the
classical energy-momentum tensor vanishes, the trace of the
renormalized expectation values of the energy-momentum
tensor operator is nonzero, this anomalous trace, known as
the trace anomaly, is a purely quantum effect. The renorm-
alization procedure breaks conformal symmetry. This non-
zero trace anomaly has been calculated by various
approaches, such as dimensional regularization, zeta func-
tion regularization, point-splitting regularization, and so on.
Here we will take the adiabatic regularization, and the
corresponding expressions for the trace anomaly for a
massless conformally coupled scalar field in the Bianchi
type I and the Robertson-Walker universes have been

Energy

t
1.0 15 20 25 3.0
-2
-4

Compressibility
Rvac (t)

0.5 10 1.5 20 25 3.0

M\

The time evolution of the volume, pressure, energy, and compressibility for a massive scalar field in R x §* with a Gaussian

derived in [65,66] by exploiting the difference between a
massless conformal quantum field theory and a massive
conformal quantum field theory after renormalization in
the mass approaching zero limit. The observation was that
finite terms appear in the reduction of integrals for the
energy density and the pressure containing higher powers
of mass to integrals containing a lower power of mass
when one sets the mass of a massive field to zero. These
finite terms from the integrals containing higher powers of
mass add up to produce the trace anomaly which would
otherwise not be there if one works ab initio with a
massless field throughout.

With this in mind, we obtain the energy density in a
comoving frame:

a///al a//2

2880724 {H @

1 1+a2a‘ a* a‘2+_,,,
=——F >S5 t+t————F7+tad,.
4807%a* \a®? a a* 2

(61)

(T

;w>phys vrur

2a//a/2 Cl/4 :|

In the second line, we express the result in terms of cosmic
time. The first term in the curly brackets is the Casimir
energy density, and the remaining expressions is associated
with the trace anomaly of a massless conformal field in the
Robertson-Walker universe [52,67]. It is interesting to note
that the same expression for the contribution associated
with trace anomaly in (61) also appears in the second line
of (56) in the massive field case.

From this expression of the energy density for the
massless conformal field, retracing the steps in the massive
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FIG. 12. The time evolution of the volume, pressure, energy, and vacuum compressibility for a massless scalar field in R x $* with an

exponentially expanding scale factor a(z).

field case, we obtain the results for the pressure, and the
vacuum compressibility for a massless conformal scalar
field due to the Casimir effect and the trace anomaly. There
is no spontaneous particle production for a conformally
coupled, massless field in a conformally static spacetime.

Their time evolution due to these two quantum sources
are shown in Fig. 12 for an exponential expansion and
Fig. 13 for a Gaussian evolution. It is seen that the vacuum
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FIG. 13.
with a scale factor a(¢) under a Gaussian evolution.

energy due to the Casimir effect is too small to be of our
concern. The contribution from the trace anomaly of a
massless field is smaller than that of a massive field because
the mass dependent term is absent. As a consequence, we do
not see a local extremum in the time evolution of the
pressure and thus the vacuum compressibility is well
defined. However, since the pressure saturates rapidly to
a negative value, the compressibility diverges accordingly.

Energy
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Time evolution of the volume, pressure, energy, and vacuum compressibility due to a massless scalar quantum field in R x §3
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This is a good place to comment on the comparison with
the results for the R x S case. (a) Recall that in the R x §'
case the scale factor a(r) is dynamically determined, with
the backreaction effects. That is, we solve for the dynamics
of a(r) with the Casimir effect and the trace anomaly
incorporated, by the self-consistent interaction between the
dynamics of the quantum field and the geometry. Here, the
scale factor is prescribed a priori, not determined dynami-
cally. (b) In the R x S! case, the presence of the trace
anomaly accelerates the collapse of the S! space, over and
above that already present due to the Casimir effect. (c) The
expressions for the trace anomaly in two dimensions and
four dimensions are quite different: the four-dimensional
case contains higher-order derivative of a. Therefore, it is
not surprising to see many qualitative differences between
these two cases.

If the universe expands and contracts according to the
Gaussian profile given by (20), then, as analyzed earlier, the
vacuum energy is essentially given by the contribution of
the trace anomaly only. This is because the Casimir energy
is negligible when a(r) is large, and the contribution from
the nonzero classical trace vanishes. Hence the features
related to the trace-anomaly contribution we highlighted
earlier can be directly applied here. Since there is no
particle production, the vacuum energy is very small at late
times. However, at # > ¢, the contribution from the trace
anomaly is exponentially small, while that from the Casimir
energy dominates.

V. VACUUM COMPRESSIBILITY OF R x T°

We now turn our attention to the quantum effect due to
anisotropic expansion. Creation of field quanta occurs quite
generically for the quantum field in a time-dependent
background. The conformally-coupled, massless scalar
field in a conformally-flat spacetime is a well-known
exception. For the effects of particle creation of confor-
mally-coupled massless scalar fields we need to consider
anisotropic expansion, such as was done for the Bianchi
type-I universe [51,53].

Here we consider the effects of vacuum particle creation
in a three-dimensional rectangular box. We allow the
longitudinal length to change in time, but set the two
transverse lengths equal and fixed. Inside the box is filled a
massless, conformally coupled quantum scalar field in its
vacuum state. We assume that the field takes on periodic
boundary conditions on the surfaces of the box, so for this
quantum field, the box configuration is analogous to a
space with three-torus 7° topology. Thus, we have cast the
dynamical Casimir effect of a massless, conformally
coupled scalar field into an anisotropically expanding
spacetime. We are interested in the vacuum energy of
created particles in this R x T3 spacetime.

This spacetime has a line element of the same form as
that of an anisotropically expanding, spatially flat (Bianchi
type-I) universe,

ds* = di* — [a}(t)dx* + a3 (t)dy? + a3(1)dZ?],  (62)
where a; are the scale factors in the three Cartesian
directions. We let a, =a3=1, but a; =a(r), ie,
allowing the scale factor in the x direction to change
in time.

A conformally-coupled, massless scalar field ¢ in this
anisotropically expanding space obeys the Klein-Gordon
equation,

. 3 Y]
a%¢+%¢—za"¢+é1e¢:0, (63)
i=l1

2
a;

where & = 4(’;‘_21) = ¢ is the conformal coupling strength,
and R = —27“ is the scalar curvature of spacetime.

The classical energy-momentum tensor of this scalar
field is given by

1
Tﬂl/ = (aﬂ¢)(ay¢) - Egﬂy¢6(62¢) (0045)
1
- 6 [v[lal/<¢2) - gﬂy¢avlaa(¢2) + ¢2G;u/]v (64)
where G, is the Einstein tensor and V, is the covariant

derivative with respect to the metric tensor g,,. The
corresponding energy density is

1., la,, 1<~ [0,0\2
T, U'U" == ¢* + -~ — :
e 2¢ +3a¢¢+6;<a,~>
1o 1
§ ag - 6 Gtt¢2’ (65)

where an overdot indicates differentiation with respect to ¢.

It is convenient to introduce a new field variable
y = a'3¢ and a conformal time variable 5 according to
dn = a~'/3dt with a prime indicating differentiation respect
to 1, and write (65) in terms of conformal time

1 1S~ /02
v ,—2/3 -2/3,,2
T,UU" =a /[za By +5,§=1 (a>

L

IGxdr 1
3 e (66)
i=1 i

The positive-definite quantity Q defined by
1 G~ (d dN\?2 1 (a2

=— ———] == 0, 67

© ]8;<JZ=1<‘11‘ aj) 9<a> - (67)

measures the severity of anisotropic expansion. The new
field variable y satisfies the equation of motion
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3
7" =2a*? Za%—% + 0y =0. (68)
CZ2

i=1 i
Under the periodic condition imposed at the boundaries, the

corresponding field operator 7 has mode expansion of the
form:

f-3/2§j[Am met > + Al e ™|, (69)

with the compact notation

where k; = 2zn;/¢, n; € Z, and ¢ is the coordinate length
of each side of the box. The Fourier modes yy satisfy the
parametric oscillator equation:

L+ Q%) + Oy =0, (70)

with Q () given by

and the normalization condition y}'yx — ¥ixk = i-
Let the initial state |0,) be the vacuum state annihilated

ekl o

by Ay. Then after transforming back to the cosmic time, the
vacuum expectation value of the ## component of the stress-
energy tensor

(04T, |04) UFU¥ = 0) ],

(72)

a3

gives the formal expression of the energy density. In order
to obtain the explicit expressions for |yy | and |y |, we solve
the equation of motion (70) by the ansatz

1 [ (=) (+)}
=———|axe,  + Pre ,
Xk o) k€ 1 Prex
Qp(n _
X =~ —kz( ) [akeé : —ﬂkefj)}’ (73)

for two new time-dependent functions a; () and (), with

eft) = exp [:ﬁ:i /” dn'Qy (r]’)} . (74)
Mo
The normalization condition requires |a(n)|* —

|Br(n)|> = 1. Combining Egs. (70) and (73), we obtain a

simultaneous set of first-order differential equations for
ax and fy,

1/
a’k—§<—k—ig>( )Zﬂk_l%ak’ (75)

Q/
=3 (i) (Pt e (70

Following the same procedure as outlined in the previous
section, we introduce three real variables,

sk = |Pil%, Px = afiet + apfrel,
9k (akﬁ e’ _akﬂke+) (77)

thereby obtaining a simultaneous set of first-order real-
valued ordinary differential equations [58]

19;( o

!
0
Pl = (1 425, (Q—k+zszk)qk, (79)

(1 + 2s3) + (Q% + 2Qk>pk- (80)

Expressing the energy density in term of sy, py, and gy,
we find

PRYE

7 Z [Qk 28y +

o
20,

<0A |?Mv reg |OA> Ury® =

(1+2sk+pk)] (81)

With a suitably defined adiabatic vacuum state the param-
eter s can be used as a measure of particle number density
at time 7 due to the moving boundary.

Equation (81) contains ultraviolet divergences which we
remove by adiabatic regularization,

PRYE

7 Z [Qk 255 +

o
20,

~ P

<0A |?My reg |0A> uruY =

2 (142, +pk>]
—P@R) — Pa)- (82)

We take the zeroth- and second-order adiabatic expansion
of the energy density p ), p(2) from [68], and subtract them
from the corresponding formally divergent terms
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<OA|T;wreg|OA U U = 3Z2sk9k + { l/ﬂS Z k —
a (0]
+ - —_—
{253;[ 20
4
a’s Q
* {2732[ 20,

k

The first term in the first line on the right-hand side is the
energy density of the created particles, the second term,
denoted by pcp, is the Casimir energy density due to the
compactness of the spatial section.

The Casimir energy in T* topology has been calculated
in e.g., [69], and is given by

2 7’ Cr(3)
£1,6,63) =~ - B
pea(t1,62,¢3) 90 64,6265 2t 6
8z (¢ 16 (4225
———G(2) - R
7.7 <fz> £itrts <’f1 7

(84)

where ¢, £,, £5 are the side lengths of the rectangular box,
the modified Bessel function of the second kind is given by

K“”—%%%%%?ﬂmmf”ﬂ-ﬂmﬂﬂ (85)
and
= %i i?l(l(mmlz (86)

n=1 [=1

o . 3/2
2122 J
21,2 —— E 1-6,06 E _
( 1,22) ( 10 pO) ( lzz%—l—pzz%)

l,p=—oc0 Jj=

x K3 <27z:j P22+ p2z§>. (87)

For a cubic box pca(?.7;.¢,) = —0.838/¢4, and for
the geometry where the length of one side goes to
infinity, pca(Z1,¢1, ) = —0.301/#1. In this case, since
peal?1, €1, ¢3) for general #5 is believed to be of the same
order of magnitude as these two values, we expect that
pea(t1,C1,¢3) is a slowly varying function of #3 such
that a

1 (¢
pealt1.61.63) =—— f(—‘), with limf(z) = 0.838,
fl f_g z—1

lim(z) = 0.301. (88)

e

-5 /G 5}

4
as [ dk [1Q2
S (25K +Pk)]} 7/—(2”)3 [gg—i] —Pa)- (83)
|
Thus, the dimensionless, coefficient function f(z) i

typically small for 0 <z < 1. Then the Casimir effect
contribution to the vacuum energy Ec, is given by

__ G (0
Eca = f%f<f3>» (89)

in turn, this yields the corresponding contribution to the
1 0Eca

pressure
B 1 o\ 4 (¢
AT oy [f <f3) f3f <f3
1 (¢
— (), 90
#/(2) 2

where the prime here represents differentiation with respect
to the argument of the function. The slowly varying nature
of f(z) and the fact that £, /¢5 < 1 imply that the second
term in (90) can be ignored. Next, since the numerical
values of f(z) are already small, if we are interested in
physically reasonable cases 3 > ¢ such that £ is not too
small, then we can conclude the contribution of the Casimir
energy to the pressure is typically negligibly small, com-
pared with the pressure caused by particle creation, unless
the latter is accidentally zero or falls under the adiabatic
limit. Therefore the Casimir energy can be ignored in the
calculation of the pressure. This will be further justified by
Fig. 14 where the vacuum energy due to particle creation is
numerically much larger than that from the Casimir effect.
For the term in the second line of (83)

\/a§ [(27%) n (27;;»»)2 n (27;?)2}

the zero mode in Eq. (91) causes infrared divergence, but we
can exclude it since it represents the mode with infinite
wavelength. The dimensions of the torus serve as an infrared
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FIG. 14. The volume, pressure, energy, and vacuum compressibility of a massless conformal field in a rectangular 73 box when one
side of the box is allowed to expand and contract in cosmic time. The scalar factor follows a Gaussian evolution Eq. (20), with ay = 1,

A=2ty=1and 1/7> =5.

cutoff of the spectrum, so the above expression can be
decomposed into the following three components: (a)

(b)
d_% © Q
- . (93
2f3 n\zzl nZ:l \/ % |:(27my)2 (2an )2:| n0 + ( )
- © a fZ + Z/ﬂZ
where - - - are the two other terms with n, = 0 replaced by

n, = 0, n, =0, and (c)

a_% o0 Q oo Q
- 21/&3 § : 127n + 127n,
n=1 a3 —z~In,=n,=0 ny=1 a3 —~In,=n.=0

Equation (92) can be renormalized with the help of the
Abel-Plana formula [63],

= =L s [ [ £~ 5(in)
> fo) =50+ [ parei [THOZIE,

n=0
(95)
iteratively applied to the triple sums in (92). Thus, Egs. (93)

and (94) will be numerically renormalized by subtract the
corresponding integrals

L

+ permutations of i jk, (96)

a5+ 12+ K]

and

Pk 0
//% (2r)3 \/74—/62]

+ permutations of ijk. (97)

After renormalization, Eqgs. (92)-(94) in a physically
reasonable case (length scale much higher than the
Planck scale) give very small values, compared to the other
contributions in the vacuum energy density, so we neglect
these terms.

Now, the remaining part of energy density can be
written as
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4
7 e as Q
<OA|T/wreg|0A>U} U = ?; |:stk - @(2Sk + pk):|

N N 4)
—a - . sl 98
¢ / 27 [169,{ 40, <8Q§+49§ 20l “207) Tk %)

S = i{22+ 0% 0 (&) 30 <&>2
el o 9\ o \@p
L <&)%+L K&)]Z
200\ Q3 ) QF 492 | \Q;
L/ () 3 [\

o) (@) rlar) ) @
The integral in the second line of Eq. (98) associate with
trace anomaly is divergent, and it must cancel the UV
divergence in sy and py of the first line. Although it is hard
to further decompose sy and py to find the exact divergent
contribution, we could make the following observations; at
large momentum, the integrand in the second line of
Eq. (98) will be suppressed by Qy in the denominators,
and it goes like 1/k as k — oo, then it will cancel the
divergent part in sy and py for large momentum, and give a
finite part. Therefore, if we can estimate the value of the
integral in the small momentum range, and show it is small
compared to the summation in the small momentum range
in the first line of Eq. (98), then we can neglect the whole
thing in the second line of Eq. (98). For the scale factor a(t)
of our interest, the integral indeed is a few orders of
magnitude smaller than the rest of the energy density
expressions for k; < 20. Therefore, we can just use the first
line of Eq. (98) and sum up to k; < 20 to give an pretty
accurate approximation of energy. The corresponding plot
is shown in Fig. 14.

In the current case, the major component of the vacuum
energy come from the contribution caused by spontaneous
particle production induced by a mirror which moves in a
specific direction and has a trajectory described by a
Gaussian, or equivalently induced by anisotropic variation
of the scale factor in R x T2 spacetime. The result in Fig. 14
shows the energy does not monotonically grow with time
even when the volume is expanding. A local maximum
occurs at the moment when the expansion rate is largest.

The accompanying time variation of the pressure in
Fig. 14 contains more structures due to the expansion and
contraction of the volume. The results show that the pressure
can take on either positive or negative values. The negative
value occurs when the energy changes have the same trend

>The notation s§(4> gives the fourth-adiabatic-order contribution

of sy, but it is not relevant to the current discussion.

as the volume does, but if the energy changes in a way
opposite to how the volume changes, then the pressure can
be positive. These can be seen by comparing the plots of
energy and pressure, as the consequence of the definition of
the pressure; however, it is not clear why a small hump
shows up at early time in the figure for the time evolution of
the pressure. The zero pressure occurs when the energy take
on a local maximum. From the previous discussions, we
expect that the compressibility can exhibit unusual behavior
in the regions where AV # 0 but AP =~ 0. This is rather
baffling indeed and needs more investigation.

VI. SUMMARY

We summarize our findings by first describing the
quantum field theoretical factors and then the quantum
thermodynamic features.

A. Quantum processes

The quantum vacuum processes of interest to us include
the familiar Casimir effect, the dynamical Casimir effect
which includes particle creation, and the less familiar trace
anomaly. The first depends on the way boundary con-
ditions are imposed on the quantum field and the topology
of the space it lives in. The second entails particle creation
due to the parametric amplification of vacuum fluctuations
of the quantum field. The third is specific to, and a
manifestation of, the quantum nature of a conformal
field—"“anomaly” refers to the fact that the trace of the
stress-energy tensor of a classical conformal field is zero,
but not so for a quantum conformal field. These three
types of quantum field processes/effects have been studied
by researchers in quantum field theory in curved space-
time since the 1970s. We have adopted the methodologies
developed there, such as using the adiabatic regularization
for the treatment of UV divergences. Here we have more
extensive mathematical usages and accompanying physi-
cal discussions. For particle creation in R x $2, R x $3,
and R x T3 treated here we solve the differential equations
governing the Bogoliubov coefficients without making
any approximation. One new improvement over earlier
treatments is to obtain the Bogoliubov coefficients (two
complex or four real quantities minus one Wronskian
condition) directly by solving the three first-order ordi-
nary differential equations numerically with a specified
time dependence of the scale factor.

Going into the specifics; we have treated the effect of
trace anomaly in R x §!, R x $* spacetimes and particle
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creation in R x %, R x $3, and R x T? spacetimes. In the
first case the time dependence of the scale factor is
determined by self-consistently solving for the dynamics
of the quantum field and the spacetime. This was done in a
recent paper [48]. Results from there are imported into the
present calculations. We use this as an example of vacuum
processes where the backreaction effects are included in
the consideration. In the other cases we have considered
two types of evolution of the scale factor. The marked
differences between the effects of the trace anomaly and
particle creation were known much earlier (compare e.g.,
[52,53]), and amply illustrated in [48]; the backreaction on
S' due to the trace anomaly accelerates the collapse of the
ring while the backreaction of particle creation in 73
retards the expansion of the box. For the other cases
studied without backreaction, one distinction between the
effects of particle creation and the trace anomaly is that the
energy due to (bosonic) particle creation overall mono-
tonically increases, while that due to trace anomaly can
increase at one time and decrease at another time. This is
because the expression for the trace anomaly contains
terms of higher-derivative orders with positive and neg-
ative signs. As remarked in the Introduction we need to
include the energy and the pressure for all possible vacuum
processes allowed before calculating the vacuum dynami-
cal compressibility of each spacetime. Detailed descrip-
tions of how the vacuum energy, the vacuum pressure and
the vacuum dynamical compressibility varies with time
can be found in the plots given for each of the spacetimes
considered. Their overall features have a branding impact
on the quantum thermodynamic functions of spacetimes.

B. Quantum thermodynamics

The ending target from these QFTCST calculations is
the energy density of the quantum field in various
quantum vacuum processes. It is also the starting point
for the derivation of the quantum thermodynamic func-
tions of the system. This can be seen from the four frames
in the plots based on the results of calculations in all the
cases considered; the volume, energy, pressure and com-
pressibility. The first two from QFT calculations provide
the raw materials for ensuing thermodynamic consider-
ations. If the challenge in the QFT part is mainly technical,
the QTD part is mainly conceptual. We refer the reader to
the descriptions of the results following each figure for
details, but highlight two overall qualitative features
below which are radically different from our traditional
understanding of energy, pressure and compressibility
based on classical thermodynamics:

(1) Energy could be negative. The energy due to the
trace anomaly in S' and due to particle creation in 73
are negative, whereas the energy due to particle
creation in % and S° spaces are positive, as is in §3
due to the trace anomaly. Negative energy is a

special hallmark of vacuum quantum field proc-
esses, probably known first in Casimir effect; the
energy density in the space between two parallel
plates is negative, resulting in an attractive Casimir
force whereas for a sphere it is positive, giving rise to
an expansion of the sphere.

(2) Pressure could be negative. Recall the definition:

P=- %. If energy is negative as, e.g., in the S' case
(see Figs. 2 and 3), then (a) an increase in the volume
with an increase in the (negative) energy will give a
negative pressure, while (b) a decrease in the volume
with an increase of (negative) energy will give a
positive pressure. Note that the pressure calculated
from the vacuum energy of a particular source, be it
Casimir, trace anomaly or particle creation, is only a
partial pressure. That is the reason for our earlier
caution, that all partial pressures need be added up to
a total vacuum pressure before one proceeds to
calculate the compressibility.

(3) Compressibility could be negative, even approach

infinity at certain times. Recall the definition
k = —1 Y TFirst off, note as stated before, that the
pressure in “taking the derivative of volume with
respect to the pressure” refers to the total pressure of
all the partial pressures from different vacuum
sources, like the three named above, whichever is
present in the different cases studied. (i) In the 73
example mentioned above, because of the cross-
dependence both cases (a) and (b) end up giving the
same compressibility functional dependence on
time, becoming increasingly negative. (ii)) A more
“alarming” fact is that the compressibility can
become infinite (see Figs. 6 and 7) at certain points
in time when the vacuum pressure is a maximum or
minimum while the volume is changing.

What we have encountered here is something very odd
from the traditional perspective of classical mechanics and
thermodynamics. This is because the sources of vacuum
energy in the cases we have studied are all of quantum field
origins. Our calculations are meant to bring forth something
novel in the quantum thermodynamics of spacetimes,
fundamentally different from spacetime dynamics described
by classical thermodynamics. It behooves us to try to
understand these processes from a different perspective,
to expound/extend the meanings of these physical quantities
or, even go so far as coming up with more cogent definitions
for these quantum thermodynamic quantities to encompass
these new phenomena.

As extensions of the present work we shall study finite
temperature quantum fields in our next paper [45]. We will
be able to include the effects of stimulated particle creation
and the considerations of heat capacity of dynamical
spacetimes due to various quantum field processes.

065027-23



YU-CUN XIE, JEN-TSUNG HSIANG, and BEI-LOK HU

PHYS. REV. D 109, 065027 (2024)

ACKNOWLEDGMENTS

Y. C. X. thanks Pohao Chng and Yushan Su for help with
the Riemann sum in 7°. J.T.H. and B.L.H. thank
Professor H.-T. Cho for helpful discussions. J.T.H. is
supported by the National Science and Technology Council

of Taiwan, R.O.C. under Grant No. NSTC 112-2112-M-
011-001-MY3. B.L. H. enjoyed the warm hospitality of
Professor Hsiang-nan Li and colleagues at the Institute of
Physics, Academia Sinica, Taiwan, R.O.C. in Spring 2023
when this work began.

[1] D. Jou, J. Casas-Vazquez, and G. Lebon, Extended Irre-
versible Thermodynamics (Springer, Berlin, Heidelberg,
1996).

[2] N. D. Birrell and P. C. W. Davies, Quantum Fields in Curved
Space, Cambridge Monographs on Mathematical Physics
(Cambridge University Press, Cambridge, UK, 1984).

[3] L. Parker and D. Toms, Quantum Field Theory in Curved
Spacetime: Quantized Fields and Gravity (Cambridge
University Press, Cambridge, England, 2009).

[4] S. W. Hawking, Particle creation by black holes, Commun.
Math. Phys. 43, 199 (1975).

[5] J. D. Bekenstein, Nonexistence of baryon number for black
holes. II, Phys. Rev. D 5, 2403 (1972).

[6] J. D. Bekenstein, Black holes and entropy, Phys. Rev. D 7,
2333 (1973).

[7]1 S. W. Hawking, Black holes and thermodynamics, Phys.
Rev. D 13, 191 (1976).

[8] R. M. Wald, Quantum Field Theory in Curved Spacetime
and Black Hole Thermodynamics (University of Chicago
Press, Chicago, 1994).

[9] H.-T. Cho, J.-T. Hsiang, and B. L. Hu, Quantum capacity
and vacuum compressibility of spacetime: Thermal fields,
Universe 8, 291 (2022).

[10] T. Jacobson, Thermodynamics of spacetime: The Einstein
equation of state, Phys. Rev. Lett. 75, 1260 (1995).

[11] C. Eling, R. Guedens, and T. Jacobson, Nonequilibrium
thermodynamics of spacetime, Phys. Rev. Lett. 96, 121301
(2006).

[12] T. Padmanabhan, Gravity and the thermodynamics of
horizons, Phys. Rep. 406, 49 (2005).

[13] G. Chirco and S. Liberati, Nonequilibrium thermodynamics
of spacetime: The role of gravitational dissipation, Phys.
Rev. D 81, 024016 (2010).

[14] T. Padmanabhan, Thermodynamical aspects of gravity:
New insights, Rep. Prog. Phys. 73, 046901 (2010).

[15] E. Verlinde, On the origin of gravity and the laws of
Newton, J. High Energy Phys. 01 (2011) 029.

[16] B. L. Hu, Gravity and nonequilibrium thermodynamics of
classical matter, Int. J. Mod. Phys. D 20, 697 (2011).

[17] B.L. Hu, General relativity as geometro-hydrodynamics,
arXiv:gr-qc/9607070.

[18] G.E. Volovik, The Universe in a Helium Droplet (OUP,
Oxford, 2003), Vol. 117.

[19] B.-L. Hu, Can spacetime be a condensate?, Int. J. Theor.
Phys. 44, 1785 (2005).

[20] S. Gielen, L. Sindoni et al., Quantum cosmology from
group field theory condensates: A review, SIGMA 12, 082
(2016).

[21] D. Oriti, Tensorial group field theory condensate cosmology
as an example of spacetime emergence in quantum gravity,
arXiv:2112.02585.

[22] Z.-C. Gu and X.-G. Wen, A lattice bosonic model as a
quantum theory of gravity, arXiv:gr-qc/0606100.

[23] L. Sindoni, Emergent models for gravity: An overview of
microscopic models, SIGMA 8, 027 (2012).

[24] D. Oriti, Spacetime as a quantum many-body system,
in Many-Body Approaches at Different Scales edited by
G. Angilella and C. Amovilli(Springer, Cham, 2018),
p- 365.

[25] G.E. Volovik, Gravity through the prism of condensed
matter physics, Pis’ma Zh. Eksp. Teor. Fiz. 118, 546 (2023).

[26] B.L. Hu, Emergent/quantum gravity: Macro/micro
structures of spacetime, J. Phys. Conf. Ser. 174, 012015
(2009).

[27] S. Carlip, Challenges for emergent gravity, Stud. Hist. Phil.
Sci. Part B 46, 200 (2014).

[28] D. Marolf, Emergent gravity requires kinematic nonlocality,
Phys. Rev. Lett. 114, 031104 (2015).

[29] C. Barcel6, R. Carballo-Rubio, L.J. Garay, and G. Garcia-
Moreno, Toward a mechanism for the emergence of gravity,
Appl. Sci. 11, 8763 (2021).

[30] Y. B. Zeldovich, Particle production in cosmology, Pis’ma
Zh. Eksp. Teor. Fiz. 12, 443 (1970), http:/jetpletters.ru/ps/
1734/article_26352.shtml.

[31] B.L. Hu, Vacuum viscosity description of quantum
processes in the early universe, Phys. Lett. 90A, 375
(1982).

[32] B.-L. B. Hu and E. Verdaguer, Semiclassical and Stochastic
Gravity: Quantum Field Effects on Curved Spacetime
(Cambridge University Press, Cambridge, England, 2020).

[33] @. Grgn, Viscous inflationary universe models, Astrophys.
Space Sci. 173, 191 (1990).

[34] M. Mak and T. Harko, Cosmological particle production
and causal thermodynamics, Aust. J. Phys. 52, 659
(1999).

[35] W. Zimdahl, Cosmological particle production, causal
thermodynamics, and inflationary expansion, Phys. Rev.
D 61, 083511 (2000).

[36] W. Zimdahl, D.J. Schwarz, A.B. Balakin, and D. Pavon,
Cosmic antifriction and accelerated expansion, Phys. Rev. D
64, 063501 (2001).

[37] G. Singh and A. Kale, Anisotropic bulk viscous cosmo-
logical models with particle creation, Astrophys. Space Sci.
331, 207 (2011).

[38] M. Bastero-Gil, A. Berera, R. Cerezo, R.O. Ramos,
and G.S. Vicente, Stability analysis for the background

065027-24


https://doi.org/10.1007/BF02345020
https://doi.org/10.1007/BF02345020
https://doi.org/10.1103/PhysRevD.5.2403
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1103/PhysRevD.7.2333
https://doi.org/10.1103/PhysRevD.13.191
https://doi.org/10.1103/PhysRevD.13.191
https://doi.org/10.3390/universe8050291
https://doi.org/10.1103/PhysRevLett.75.1260
https://doi.org/10.1103/PhysRevLett.96.121301
https://doi.org/10.1103/PhysRevLett.96.121301
https://doi.org/10.1016/j.physrep.2004.10.003
https://doi.org/10.1103/PhysRevD.81.024016
https://doi.org/10.1103/PhysRevD.81.024016
https://doi.org/10.1088/0034-4885/73/4/046901
https://doi.org/10.1007/JHEP04(2011)029
https://doi.org/10.1142/S0218271811019049
https://arXiv.org/abs/gr-qc/9607070
https://doi.org/10.1007/s10773-005-8895-0
https://doi.org/10.1007/s10773-005-8895-0
https://doi.org/10.3842/SIGMA.2016.082
https://doi.org/10.3842/SIGMA.2016.082
https://arXiv.org/abs/2112.02585
https://arXiv.org/abs/gr-qc/0606100
https://doi.org/10.3842/SIGMA.2012.027
https://doi.org/10.1134/S0021364023602683
https://doi.org/10.1088/1742-6596/174/1/012015
https://doi.org/10.1088/1742-6596/174/1/012015
https://doi.org/10.1016/j.shpsb.2012.11.002
https://doi.org/10.1016/j.shpsb.2012.11.002
https://doi.org/10.1103/PhysRevLett.114.031104
https://doi.org/10.3390/app11188763
http://jetpletters.ru/ps/1734/article_26352.shtml
http://jetpletters.ru/ps/1734/article_26352.shtml
http://jetpletters.ru/ps/1734/article_26352.shtml
http://jetpletters.ru/ps/1734/article_26352.shtml
https://doi.org/10.1016/0375-9601(82)90635-1
https://doi.org/10.1016/0375-9601(82)90635-1
https://doi.org/10.1007/BF00643930
https://doi.org/10.1007/BF00643930
https://doi.org/10.1071/PH99030
https://doi.org/10.1071/PH99030
https://doi.org/10.1103/PhysRevD.61.083511
https://doi.org/10.1103/PhysRevD.61.083511
https://doi.org/10.1103/PhysRevD.64.063501
https://doi.org/10.1103/PhysRevD.64.063501
https://doi.org/10.1007/s10509-010-0400-4
https://doi.org/10.1007/s10509-010-0400-4

DYNAMICAL VACUUM COMPRESSIBILITY OF SPACE

PHYS. REV. D 109, 065027 (2024)

equations for inflation with dissipation and in a viscous
radiation bath, J. Cosmol. Astropart. Phys. 11 (2012) 042.

[39] S. Chakraborty and S. Saha, Complete cosmic scenario from
inflation to late time acceleration: Nonequilibrium thermo-
dynamics in the context of particle creation, Phys. Rev. D
90, 123505 (2014).

[40] A. Paliathanasis, J. D. Barrow, and S. Pan, Cosmological
solutions with gravitational particle production and nonzero
curvature, Phys. Rev. D 95, 103516 (2017).

[41] W. Da Silva and R. Silva, Extended ACDM model and
viscous dark energy: A Bayesian analysis, J. Cosmol.
Astropart. Phys. 05 (2019) 036.

[42] G. Gémez, G. Palma, E. Gonzdlez, A. Rincén, and N. Cruz,
A new parametrization for bulk viscosity cosmology as
extension of the ACDM model, Eur. Phys. J. Plus 138, 738
(2023).

[43] F.R. Klinkhamer and G.E. Volovik, Self-tuning vacuum
variable and cosmological constant, Phys. Rev. D 77,
085015 (2008).

[44] F.R. Klinkhamer and G.E. Volovik, Dynamic vacuum
variable and equilibrium approach in cosmology, Phys.
Rev. D 78, 063528 (2008).

[45] Y.-C. Xie, J.-T. Hsiang, and B.-L. Hu, Quantum heat
capacity and compressibility of dynamical spacetimes with
thermal fields (to be published).

[46] J.-T. Hsiang, H.-T. Cho, and B.-L. Hu, Quantum capacity
and dynamic compressibility of the universe: Nonequili-
brium fields (to be published).

[47] S.M. Christensen, Regularization, renormalization, and
covariant geodesic point separation, Phys. Rev. D 17,
946 (1978).

[48] Y.-C. Xie, S. Butera, and B. L. Hu, Optomechanical back-
reaction of quantum field processes in dynamical Casimir
effect, arXiv:2308.03129.

[49] J.B. Hartle, Effective-potential approach to graviton pro-
duction in the early universe, Phys. Rev. Lett. 39, 1373
(1977).

[50] B.L. Hu and L. Parker, Effect of graviton creation
in isotropically expanding universes, Phys. Lett. 63A
(1977).

[51] B.L. Hu and L. Parker, Anisotropy damping through
quantum effects in the early universe, Phys. Rev. D 17,
933 (1978).

[52] M. V. Fischetti, J. B. Hartle, and B. L. Hu, Quantum effects
in the early universe. I. Influence of trace anomalies on
homogeneous, isotropic, classical geometries, Phys. Rev. D
20, 1757 (1979).

[53] J.B. Hartle and B.L. Hu, Quantum effects in the
early universe. II. Effective action for scalar fields in

homogeneous cosmologies with small anisotropy, Phys.
Rev. D 20, 1772 (1979).

[54] J.B. Hartle and B.L. Hu, Quantum effects in the early
universe. III. Dissipation of anisotropy by scalar particle
production, Phys. Rev. D 21, 2756 (1980).

[55] J. B. Hartle, Quantum effects in the early universe. V. Finite
particle production without trace anomalies, Phys. Rev. D
23, 2121 (1981).

[56] P.R. Anderson, Effects of quantum fields on singularities
and particle horizons in the early universe. III. The con-
formally coupled massive scalar field, Phys. Rev. D 32,
1302 (1985).

[57] E. Calzetta and B.-L. Hu, Closed-time-path functional
formalism in curved spacetime: Application to cosmological
back-reaction problems, Phys. Rev. D 35, 495 (1987).

[58] B.L. Hu, Scalar waves in the mixmaster universe. II.
Particle creation, Phys. Rev. D 9, 3263 (1974).

[59] Y. Nagatani and K. Shigetomi, Effective theoretical
approach to back reaction of the dynamical Casimir effect
in 1+ 1 dimensions, Phys. Rev. A 62, 022117 (2000).

[60] S.-Y. Lin, C.-H. Chou, and B.-L. Hu, Entanglement
dynamics of detectors in an Einstein cylinder, J. High
Energy Phys. 01 (2016) 047.

[61] L. H. Ford, Quantum vacuum energy in general relativity,
Phys. Rev. D 11, 3370 (1975).

[62] L. H. Ford, Quantum vacuum energy in a closed universe,
Phys. Rev. D 14, 3304 (1976).

[63] M. Bordag, G.L. Klimchitskaya, U. Mohideen, and V. M.
Mostepanenko, Advances in the Casimir Effect (OUP,
Oxford, 2009), Vol. 145.

[64] T. Bunch, Adiabatic regularisation for scalar fields with
arbitrary coupling to the scalar curvature, J. Phys. A 13,
1297 (1980).

[65] B. L. Hu, Calculation of the trace anomaly of the conformal
energy-momentum tensor in Kasner spacetime by adiabatic
regularization, Phys. Rev. D 18, 4460 (1978).

[66] B. L. Hu, Trace anomaly of the energy-momentum tensor of
quantized scalar fields in Robertson-Walker spacetime,
Phys. Lett. 71A, 169 (1979).

[67] P. Anderson, Effects of quantum fields on singularities and
particle horizons in the early universe, Phys. Rev. D 28, 271
(1983).

[68] S. A. Fulling, L. Parker, and B.L. Hu, Conformal
energy-momentum tensor in curved spacetime: Adiabatic
regularization and renormalization, Phys. Rev. D 10, 3905
(1974).

[69] S.G. Mamaev and N. N. Trunov, Dependence of the vacuum
expectation values of the energy-momentum tensor on the
geometry and topology of the manifold, Teor. Mat. Fiz. 38,
345 (1979).

065027-25


https://doi.org/10.1088/1475-7516/2012/11/042
https://doi.org/10.1103/PhysRevD.90.123505
https://doi.org/10.1103/PhysRevD.90.123505
https://doi.org/10.1103/PhysRevD.95.103516
https://doi.org/10.1088/1475-7516/2019/05/036
https://doi.org/10.1088/1475-7516/2019/05/036
https://doi.org/10.1140/epjp/s13360-023-04367-6
https://doi.org/10.1140/epjp/s13360-023-04367-6
https://doi.org/10.1103/PhysRevD.77.085015
https://doi.org/10.1103/PhysRevD.77.085015
https://doi.org/10.1103/PhysRevD.78.063528
https://doi.org/10.1103/PhysRevD.78.063528
https://doi.org/10.1103/PhysRevD.17.946
https://doi.org/10.1103/PhysRevD.17.946
https://arXiv.org/abs/2308.03129
https://doi.org/10.1103/PhysRevLett.39.1373
https://doi.org/10.1103/PhysRevLett.39.1373
https://doi.org/10.1016/0375-9601(77)90880-5
https://doi.org/10.1016/0375-9601(77)90880-5
https://doi.org/10.1103/PhysRevD.17.933
https://doi.org/10.1103/PhysRevD.17.933
https://doi.org/10.1103/PhysRevD.20.1757
https://doi.org/10.1103/PhysRevD.20.1757
https://doi.org/10.1103/PhysRevD.20.1772
https://doi.org/10.1103/PhysRevD.20.1772
https://doi.org/10.1103/PhysRevD.21.2756
https://doi.org/10.1103/PhysRevD.23.2121
https://doi.org/10.1103/PhysRevD.23.2121
https://doi.org/10.1103/PhysRevD.32.1302
https://doi.org/10.1103/PhysRevD.32.1302
https://doi.org/10.1103/PhysRevD.35.495
https://doi.org/10.1103/PhysRevD.9.3263
https://doi.org/10.1103/PhysRevA.62.022117
https://doi.org/10.1007/JHEP03(2016)047
https://doi.org/10.1007/JHEP03(2016)047
https://doi.org/10.1103/PhysRevD.11.3370
https://doi.org/10.1103/PhysRevD.14.3304
https://doi.org/10.1088/0305-4470/13/4/022
https://doi.org/10.1088/0305-4470/13/4/022
https://doi.org/10.1103/PhysRevD.18.4460
https://doi.org/10.1016/0375-9601(79)90154-3
https://doi.org/10.1103/PhysRevD.28.271
https://doi.org/10.1103/PhysRevD.28.271
https://doi.org/10.1103/PhysRevD.10.3905
https://doi.org/10.1103/PhysRevD.10.3905
https://doi.org/10.1007/BF01018540
https://doi.org/10.1007/BF01018540

