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Abstract. We investigate the thermodynamical properties of quantum fields in curved spacetime.

Our approach is to consider quantum fields in curved spacetime as a quantum system undergoing an

out-of-equilibrium transformation. The non-equilibrium features are studied by using a formalism

which has been developed to derive fluctuation relations and emergent irreversible features beyond

the linear response regime. We apply these ideas to an expanding universe scenario, therefore

avoiding assumptions on the relation between entropy and quantum matter. We provide a

fluctuation theorem which allows us to understand particle production due to the expansion of

the universe as an entropic increase. Our results pave the way towards a different understanding

of the thermodynamics of relativistic and quantum systems in our universe.
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1. Introduction

The study of our universe is an old and ongoing challenge and has allowed us to understand

many physical phenomena and unveil new puzzles. Among the most interesting open questions

in modern research are the origin of the accelerating expansion of spacetime [1, 2] and the

source of the current entropy content of the universe [3, 4, 5]. To answer these questions

requires applying thermodynamics to cosmology. Thermodynamics is one of the most exportable

branches of physics and has successfully been applied to understand small and large systems,

including cosmological models. It has provided important predictions for entropy-matter relations

in expanding cosmological models [3, 6] and entropy bounds for black hole scenarios [7, 8, 9].

Matter contributes to the large entropy content of the universe [3, 4, 5]. The emergence of

the matter (starting from the vacuum) could be a consequence of the expansion of the spacetime

[10, 11, 12]. Therefore it is often assumed, but without proof, that entropy production should be

directly related to particle creation [13]. However, the laws of physics are fully reversible which

has led to the conclusion that entropy cannot be increased in processes governed by physical laws

such as Einstein and Schrödinger equations [13]. This apparent contradiction remains an unsolved

puzzle today and has led to a body of work aimed at understanding the role of particle creation

in the thermodynamical processes of our universe.

In the past decades there have been quantitative approaches to the question of cosmological

entropy production that employ both open and closed, classical and quantum formalisms

[13, 14, 15, 16, 17]. Often in these contexts (von Neumann) entropy is viewed as quantifying

inaccessible information or coarse-grained information (by necessity or choice). However, the

von Neumann entropy of closed quantum systems cannot change under unitary evolution. This

sparked approaches based on open classical and quantum systems [13, 14]. Quantum approaches

allow for the state of matter to become more mixed as the system interacts with its environment.

Consequently, one witnesses a loss of knowledge or information about the system and increase of

entropy. It is argued that entropy production is directly related to the number of particles created

[18]. Other work suggests that in closed quantum systems one might still expect to find an entropic
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quantity that increases directly as a consequence of the creation of particles due to expansion [15].

However, a firm connection between an established measure of entropy and the amount of particles

created in cosmological scenarios remains an open question.

In this work we jointly use tools from quantum field theory in curved spacetime [19] and

the recently developed concepts from thermodynamics of quantum systems [20] to investigate a

relationship between entropy production and particle creation in an expanding universe. This

quantum thermodynamic approach has been recently applied to study dissipation and entropy

production in a variety of models in many-body physics [21, 22, 23, 24, 25]. We explore applications

of this approach to a simple model for cosmological expansion. We give a thermodynamic meaning

to particle creation in terms of a quantity called inner friction [26, 27, 28]. We show that inner

friction arises due to the quantum fluctuations of the fields and has an entropic interpretation

stemming from a quantum fluctuation relation [20]. Our main result is a quantum version of

the second law of thermodynamics for an expanding universe which accounts for the creation of

matter. The question we are addressing here differs from those considered in work connected

to inflation [3], since we are considering whether or not there is a purely quantum mechanical

contribution to entropy associated with the unitary process of quantum particle creation. The

techniques developed in this work can be used to better understand cosmological processes or

scenarios based on similar mathematical descriptions.

2. Quantum Field Theory in Curved Spacetime

We consider particles arising from excitations of quantum fields that propagate on a classical

spacetime (the semi-classical regime). We will use the natural units convention c = ~ = G =

kB = 1. We consider for simplicity a massive scalar quantum field φ(x, t) with mass m in (3+1)-

dimensional spacetime [19] with metric gµν . An example of a massive scalar field in cosmology

could be the inflation field [29]. The equation of motion of the field, which is the Klein-Gordon

equation in curved spacetime, can be written in the form

(�+m2)φ = 0, (1)

where the d’Alembertian is � ≡ (
√−g)−1∂µ[

√−ggµν∂ν ].

The field can be decomposed in any orthonormal basis of solutions uk(t,x) to the Klein-Gordon

equation as

φ =

∫

d3 k
[

ak uk + a†
k
u∗
k

]

, (2)

with annihilation and creation operators ak, a
†
k
that satisfy the canonical commutation relations

[ak′ , a†
k
] = δ3(k−k

′) and all others vanish. The annihilation operators ak define the vacuum state

|0〉 through ak|0〉 = 0, ∀k. In general, it is convenient to choose the set of modes {uk} if it satisfies

(at least asymptotically) an eigenvalue equation of the form i ∂τuk = ωk uk, where ∂τ is some

(possibly global) time-like Killing vector and ωk is a real eigenvalue.

However, a different, but still convenient, choice of modes {ũk(x, t)} might exist which

satisfy the same equation of motion. The field can be expanded in terms of these modes as
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φ =
∫

d3k
[

ãk ũk + ã†
k
ũ∗
k

]

, where ãk, ã
†
k
are new ladder operators for these modes that satisfy

commutation relations [ãk′, ã†
k
] = δ3(k − k

′) while all other commutators vanish. These operators

define a different vacuum |0̃〉 through ãk′ |0̃〉 = 0. If one is fortunate, one is able to find such an

alternative candidate for the vacuum state. It may be different to |0〉, but is still equivalent to it

(i.e., residing in the same Hilbert space) ‡. This feature of having more than one, but equivalent,

vacuum is a central property of quantum field theory in curved spacetime and it is at the core of

some of the most exciting predictions of this theory, such as black hole evaporation [30], the Unruh

effect [31] and the dynamical Casimir effect [32].

The two sets of creation and annihilation operators are related to each other by a Bogoliubov

transformation

ãk =

∫

k
′

dk′
[

αkk
′ak′ + β∗

kk
′a†

k
′

]

, (3)

where αkk
′ , βkk

′ are the well-known Bogoliubov coefficients. They satisfy the Bogoliubov identities

(see [19]) and encode information about the spacetime (i.e., expansion rate of the expanding

universe [33] or the mass of a black hole [30]). Particle production in quantum field theory scenarios

is a direct consequence of the difference between vacua [19] residing in the same Hilbert space.

For example, it was shown that the initial vacuum state |0〉 evolves into an excited state in the

expanding universe or black hole scenarios [19] or that a uniformly accelerated observer perceives

the inertial vacuum |0〉 as a thermal bath of particles [31]. In all of these cases, the content

of particles is 〈nk

out〉 = 〈0|ã†
k
ãk|0〉 =

∫

d3l |βlk|2, which underlines the role of the Bogoliubov

transformations.

2.1. Two-mode squeezing and cosmology

We now specialise to the Robertson-Walker spacetime in 1 + 1 dimensions with coordinates (t, x).

The line element is ds2 = −dt2 + a2(t)dx2 = Ω2(η)(−dη2 + dx2), where a(t) is the scale factor and

Ω2(η) is the conformal scale factor. The conformal time η is defined by dη = dt/a(η). We note that

considering 1+1 dimensions introduces significant technical and conceptual simplifications, which

allow us to obtain analytical results which elucidate the connection between particle creation and

irreversibility in the dynamics of spacetime. We leave it to future work to extend our results to

more realistic models which include all 3 + 1 dimensions.

We notice that the (1+1)-dimensional Klein-Gordon equation, in the convenient coordinates

η, x, reduces to a Klein-Gordon equation in Minkowski spacetime
(

− ∂2

∂η2
+

∂2

∂x2
+m2Ω2(η)

)

φ(x, η) = 0. (4)

There are two plane wave solutions to the field equation, the “in” modes uk = (1/
√
4πω) exp(ikx−

iωη) in the asymptotic past and the “out” modes ũk = (1/
√
4πω̃) exp(ikx− iω̃η) in the asymptotic

‡ However, if there exist inequivalent vacua, such as those those residing in different Hilbert spaces, the predictions

for different observers in curved spacetime cannot be compared. Although this is a common problem in quantum

field theory in curved spacetime, this is not the case for the examples discussed in this paper.
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future, with frequencies

ωk =
√

k2 +m2Ω2|η→−∞,

ω̃k =
√

k2 +m2Ω2|η→+∞. (5)

Isotropy, conservation of momentum and energy [19] simplify the Bogoliubov transformation

between the “in” and “out” bosonic operators to

ãk = αkak + β∗
ka

†
−k, (6)

known in quantum optics as two-mode squeezing §. This generates an entangled state with

strong correlations between modes k and −k of the field. This operation creates or annihilates

particles pair-wise in the (k,−k) mode pair, thus can be likened to the creation or annihilation

of particle/anti-particle pairs from the vacuum. The connection between two-mode squeezing

operations and quantum field theory has already proved useful in approaching the topic of particle

creation in cosmology [35, 36, 33, 37], the Unruh effect [38] and Hawking radiation [39]. Two-

mode squeezing is a generic feature in some of the key predictions of quantum field theory in

curved spacetime. The Bogoliubov coefficients in Eq. 6 satisfy |αk| = cosh(zk), |βk| = sinh(zk),

where zk is known as the squeezing parameter [40]. We choose the conformal form factor

Ω2(η) = 1 + ǫ(1 + tanh(σ η)), where ǫ, σ > 0 govern the total volume and rate of expansion

respectively and we have tanh2(zk) = sinh2(π(ω̃ − ω)/2σ)/(sinh2(π(ω̃ + ω)/2σ)).

In this work we use the Heisenberg picture. The initial (asymptotic past) and the final

(asymptotic future) Hamiltonians are

H(x, η → −∞) =

∫

k

dk
ωk

2
[a†kak + aka

†
k],

H(x, η → ∞) =

∫

k

dk
ω̃k

2
[ã†kãk + ãkã

†
k]. (7)

Eqs. 6 and 7 imply that time evolution for each pair of modes (k,−k) is unitary. This means that

there is interaction only between modes k and −k and no other modes of the field. Since each

mode pair evolves independently under a change in spacetime, for simplicity we focus on one pair

of modes (k,−k) in order to illustrate our techniques. Thus we suppress all k indices for the rest

of this paper. We define ak ≡ a and a−k ≡ b throughout the rest of the work. The initial and final

Hamiltonian are

H = ω(a†a+ b†b+ 1),

H̃ = ω̃(ã†ã+ b̃†b̃+ 1). (8)

The dynamics of the quantum field is therefore determined uniquely by the initial and final mode

frequencies ω, ω̃ and the squeezing parameter z. Here we note that the energy spectrum is equally

spaced for both the initial and final Hamiltonian.

We remark here that while in this case the evolution of the field may be considered to evolve

unitarily between H and H̃ during spacetime expansion [41], in more general scenarios, like in

§ The generation of two-mode squeezed states is well-established in quantum optics and further references can be

found in [34].
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general (3+1)-dimensional cosmologies, defining unitary evolution is not straightforward and is

sometimes not possible. However, in recent years there have been advances made in this area to

show it is in fact possible to also get unitary evolution in cosmological (3+1)-dimensional models,

see the recent progress in [41, 42] and references therein.

3. Thermodynamics of Cosmology

Let us begin by specifying our main assumptions. (i) We can confine our attention to two modes of

opposite momenta (k,−k). This allows us to avoid difficulties with infinities that arise from using

modes with sharp frequencies. Alternatively, we can extend our model to scenarios where particles

are described by wavepackets instead and grey body factors are required. We leave this to future

work. (ii) The “speed” and “strength” of interaction between the spacetime and the quantum field

is much greater than the “speed” and “strength” of interaction between this field and any other

external fields. In other words, we assume that any interaction between our field and others that

might be present in the universe is negligible during the time it takes for the mode pairs of our field

of interest to be correlated via two-mode squeezing. An example is in the inflationary scenario,

where spacetime undergoes a very rapid expansion. Therefore, each mode pair evolves unitarily

and is described by the Hamiltonian changing as H → H̃ . (iii) Our mode pair is approximated

to start in a thermal state ρ, which is a subsystem of the universe. This comes from the result

that any random subsystem will be in a thermal state for almost all pure states of the universe

[43]. This is due to interaction between our state and other fields, before the spacetime begins

expanding.

Under these assumptions, we take advantage of the formal mathematical apparatus recently

developed to study the thermodynamics of quantum systems driven out of equilibrium by unitary

evolution [44, 45, 46, 47, 20] and we re-examine cosmological particle creation. We separate our

thermodynamical framework into two components: a system (i.e., the pair of field modes) and a

work reservoir (i.e., the spacetime). We view spacetime as the source for the change in the internal

energy of the quantum field [13]. The action of the spacetime on the quantum field is treated as

a purely classical work reservoir, in the same way that an external magnetic field or laser act as

an energy source for a quantum optical system. Under this action, modes of opposite momenta

undergo a unitary evolution as spacetime expands. The following results will apply to every pair

of modes of the field.

3.1. Work done by spacetime

Since we view the classical spacetime as the external driving that takes our field away from

equilibrium, there will be an energy change in the quantum field induced by the change in

spacetime. In this sense, the changing spacetime is ‘doing work’ onto the quantum field. This

change of energy in the field will be called the average work. This is computed as the difference

between the average energy corresponding to the final Hamiltonian H̃ compared to the initial

Hamiltonian H [20] as the field is unitarily evolved from H to H̃ . In this paper we continue to



CONTENTS 7

use the Heisenberg picture unless otherwise mentioned. A straightforward calculation gives the

average work in our cosmological model:

〈W 〉 ≡ tr(H̃ ρ)− tr(H ρ)

= ω̃ 〈ncr〉+ (ω̃ − ω)(〈ni〉+ 1), (9)

where ρ is the state of our mode pair, 〈ni〉 is the initial average number of excitations, and 〈ncr〉
is the average number of created particles.

We identify three different contributions to work. The first term ω̃〈ncr〉 is the work cost

associated with the creation of new particles. The second term (ω̃ − ω)〈ni〉 is the work cost in

changing the frequencies of the particles already present in the initial thermal state. Finally, the

cost ω̃−ω of changing the ground state energy of the system. Note that the particle creation term

ω̃〈nc〉 does not arise from particle interaction, like particle decay and collisions (entropies in these

other regimes are treated elsewhere, see [48]).

If the expansion occurs in a quantum adiabatic limit ‖, the Bogoliubov coefficients βk vanish

and the final adiabatic Hamiltonian is

H̃ad = ω̃(a†a + b†b+ 1) =
ω̃

ω
H. (10)

In this quantum adiabatic scenario, the average work done by spacetime onto the fields is defined

as the adiabatic work 〈W 〉ad which reads

〈W 〉ad = (ω̃ − ω)(〈ni〉+ 1). (11)

Note that no particles are created in an adiabatic evolution. This happens when either the rate

of spacetime expansion is quasistatic (i.e., σ → 0) or when the coupling between the field and

spacetime disappears, which occurs for a massless scalar field. The difference between the average

work 〈W 〉 and the average adiabatic work 〈W 〉ad defines the quantity 〈W 〉fric called inner friction

[26, 27, 28]. In our cosmological setting the inner friction is directly proportional to particle

creation

〈W 〉fric := 〈W 〉 − 〈W 〉ad = ω̃ 〈ncr〉. (12)

This result fits one’s intuition that the more particles are created, the farther one is from a quasi-

static evolution. When no particles are created (when the universe expands quasi-statically), there

is still a work cost in expanding without inner friction being produced, which is quantified by

〈W 〉ad. Our final step is to show how inner friction 〈W 〉fric can be interpreted as an entropy

production, to be defined below, in the cosmological context.

3.2. Entropy Production and Cosmological Particle Creation

Inner friction can also be considered as quantifying entropy production during cosmological particle

creation from the viewpoint of the entropy production fluctuation theorems. The fluctuation

‖ Note the distinction between thermal and quantum adiabaticity. Thermal adiabatic means that there is no heat,

which is guaranteed for any unitary dynamics. Quantum adiabatic means that there are no transitions between

different energy levels during the evolution.
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theorems were introduced first in classical systems by Evans [49] and Crooks [50] to define entropy

production s for systems when perturbed arbitrarily away from equilibrium and were later extended

to quantum systems [20, 45]. These relations take the general form es = PF (s)/PR(−s), where

PF (s) is the probability distribution of s when beginning from equilibrium. This is also called

the “forward” distribution. PR(−s) is the (“reverse”) probability distribution of s when a time-

reversed driving is applied to the system starting at equilibrium. Thus entropy production, defined

in this sense, expresses the difference between the forward and reverse probability distributions.

This way of viewing entropy production motivates us to define “forward” and “reverse”

processes in cosmology and then to derive a corresponding fluctuation theorem. We define our

“forward” process to be the expansion of spacetime beginning in an equilibriums state of H , where

this state is ρ =
∑

j exp(−Ej/T )|j〉〈j|/Z and Z =
∑

j exp(−Ej/T ) is the partition function.

Here {Ej}, {|j〉} are the energy eigenvalues and eigenstates of H and T can be considered as

the temperature of the state. The “reverse” process is the contraction of this spacetime but

beginning in the final adiabatic Hamiltonian H̃ad. The state ρ remains the same since we are

working in the Heisenberg picture. Now let pn be the probability of n particles being found

initially in one run of spacetime expansion. Let qm be the probability that m particles are

initially found in the spacetime contraction process. We can associate the entropic quantities

− log(pn) and − log(qm) to these probabilities. We can then define the difference of these

entropic quantities as snm = − log(qm) + log(pn) where pn = 〈n|ρ|n〉 = exp(−En/T )/Z and

qm = 〈m|ρ|m〉 = exp(−Em/T )/Z. We can thus rewrite our new entropic random variable as

snm =
Em

T
− En

T
=

Ẽm

T̃
− En

T
, (13)

where {Ẽj} are the eigenvalues of H̃ and we define an effective temperature T̃ ≡ ẼjT/Ej. In our

model, T̃ is a constant since the energy spectrum of H and H̃ are equally spaced. This is also

equivalent to T̃ = (ω̃/ω)T in our model.

We are now ready to define the probability distribution for an entropic quantity s in the

expansion process as

PE(s) =
∑

n,m

δ(s− snm)pm|npn, (14)

where pm|n = |〈m̃|n〉|2 and {|ñ〉} are the eigenvectors of H̃ . The term pm|n is the transition

probability in going from n-particles in the beginning of expansion to m-particles at the end of

expansion. Similarly, for the corresponding contraction process we can define PC(−s) =
∑

n,m δ(s−
snm)qn|mqm. Here qn|m is the transition probability of going from m particles to n particles during

spacetime contraction. Note that the normalisation conditions for both probability distributions

are obeyed
∫

PE(s)ds = 1 =
∫

PC(−s)ds. Using Eqs. 13, 14 and the thermal state ρ we find

〈e−s〉 ≡
∫

e−sPE(s)ds =
∑

nm e−snm〈m̃|n〉〈n|ρ|n〉〈n|m̃〉 = 1. Combined with the normalisation

condition the reverse probability distribution we find
∫

exp(−s)PE(s)ds = 1 =
∫

PC(−s)ds, thus

for our entropic quantity s we have the following fluctuation relation

es =
PE(s)

PC(−s)
. (15)
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This suggests the process in which s is positive is exponentially more likely in the spacetime

expansion case compared to the contraction process. Taking the logarithm on both sides and

taking the average with PE(s) we have

〈s〉 ≡ T̃

∫

sPE(s)ds = K[PE(s)‖PC(−s)], (16)

where K[PE(s)‖PC(−s)] is the Kullback-Leibler divergence (or relative entropy) between

probability distributions PE(s) and PC(−s) [51]. This entropic quantity 〈s〉 is positive since

the relative entropy K[X‖Y ] is positive. It vanishes only when PE(s) = PC(−s), i.e., for an

adiabatic expansion of the spacetime, where no particles are created. This can be understood from

the connection between this entropic quantity and particle creation. We show this relationship

explicitly by demonstrating 〈s〉 is also proportional to our inner friction term. Using Eq. 14 and

ρ =
∑

j pj |j〉〈j| we have

T̃ 〈s〉 ≡
∫

sPE(s)ds = T̃
∑

mn

snm〈m̃|n〉pn〈n|m̃〉. (17)

Then inserting Eqs. 10, 12 and 13 we derive

T̃ 〈s〉 =
∑

m

Ẽm〈m̃|
∑

n

pn|n〉〈n|m̃〉 − T̃

T

∑

n

Enpn

= tr(H̃ρ)− ω̃

ω
tr(Hρ) = 〈Wfric〉. (18)

From Eqs. 12 and 18 we now have an exact relationship between an entropy production and the

number of particles created

〈s〉 = 〈Wfric〉
T̃

=
ω̃

T̃
〈ncr〉. (19)

Since 〈s〉 ≥ 0, this implies that inner friction is also positive. The positivity of 〈W 〉fric can be

seen as a statement of the second law of thermodynamics [52] in a statistical formulation ¶. This
is strong evidence that 〈s〉 should be considered a suitable entropic term (similar to the entropy

production as originally defined by Crooks [50]) to use in this cosmological context. This is the

main result of this paper.

The intimate relationship between this particular measure of entropy production in spacetime

expansion and particle creation is another main result in this paper. We observe that if a state

diagonal in the number basis (e.g. thermal state) undergoes two-mode squeezing we find 〈n〉cr ≥ 0.

From Eq. 19 we see that this is not only consistent with the second law of thermodynamics

〈W 〉fric ≥ 0 but it also provides an alternative interpretation for 〈n〉cr ≥ 0 in terms of the second

law.

Inner friction can also be related to the quantum relative entropy [28] +

〈W 〉fric = T̃ K[ρf ||ρad], (20)

¶ It has been shown that inner friction is non-negative for any time-dependent Hamiltonian starting from a passive

state [53] and non-positive for an active state [54]. A thermal state, which is the assumption used in this paper, is

an example of a passive state.
+ This formulation in terms of the quantum relative entropy is more transparent in the Schrodinger picture

representation.
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where ρf and ρad are the final states in the Schrodinger picture after actual spacetime expansion

and adiabatic expansion respectively. The positivity of the quantum relative entropy has already

been related to the second law of thermodynamics [55]. Eqs. 16 and 20 relate cosmological particle

creation directly to a classical and a quantum relative entropy.

3.3. Extension to other scenarios

The techniques developed here apply in a straightforward fashion to any quantum field theoretical

or physical scenario that involves two mode squeezing. Scenarios of this type include the well-

known Unruh effect [31] and to the radiating eternal massive black hole scenario [19]. In the

Unruh effect there is one stationary observer and another observer uniformly accelerated with

respect to the first observer with uniform acceleration a. In the radiating black hole scenario,

the interesting parameter is the black hole mass M . In both cases, the “inertial” vacuum is

perceived by a stationary observer as a state full of particles which are thermally distributed with

a temperature TU ∝ a in the Unruh case and TH ∝ 1/M in the black hole case. Furthermore,

particles are produced in correlated pairs in the exact same fashion as described in this work,

i.e., two-mode squeezing. The squeezing z satisfies tanh z = exp[−ω/TU ] for the Unruh case and

analogously tanh z = exp[−ω/TH ] for the black hole case. Given these relations between squeezing

and parameters of the physical setups, one can immediately apply the techniques developed here

to find how particle number (entropy production) is expressed in the Unruh effect and radiating

black hole scenario.

However, in the Unruh effect and in the eternal black hole scenario, there is an added

complication that event horizons are present. This suggests that observers will be able to access

only one mode of the field and therefore will experience non-unitary dynamics. We leave it to

further work to apply techniques of open quantum systems to analyse the interpretation of these

physical processes by localised observers [56].

4. Discussion

We start from a thermal state of a massive scalar field in an expanding classical (1+1)-dimensional

Robertson-Walker spacetime. The momentum k and−k modes of the field interact unitarily during

this spacetime expansion and can be modelled by two-mode squeezing. This scenario is likened

to a quantum optical system undergoing two-mode squeezing that is driven by a classical external

source. The classical spacetime background plays the role of this classical external driver for the

quantum field and takes the field away from equilibrium as the spacetime expands.

Since two-mode squeezing only introduces interactions between mode k and its partner −k,

there is unitary evolution for each such mode pair. This allows us to examine each mode pair

independently and to consider our mode pairs and external spacetime together forming a closed

system during spacetime expansion. To ensure this, we assume that any interaction between our

field and any other field that might be present during spacetime expansion to be negligible. For

example, this can occur during the inflationary scenario when spacetime undergoes very rapid
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expansion. We also show that the Hamiltonian of these mode pairs corresponding to the initial

and final stage of expansion have an equally spaced energy spectrum, like a harmonic oscillator.

We have also assumed an initial thermal state and in future work it would be interesting to study

deviations from the thermal state.

With the above assumptions, we show how a quantity called inner friction is proportional

to the number of particles created during spacetime expansion and is positive. This quantity is

defined as the difference between the average work done by an expanding spacetime onto the field

and the average work done by the spacetime if it had expanded adiabatically. Inner friction is

also linked with an entropy production, defined in the sense of entropy production fluctuation

theorems.

In summary, we employed tools from quantum field theory and quantum thermodynamics

to study the connection between entropy production and creation of particles in quantum field

theoretical setups. Our main result was to provide a second law of thermodynamics for closed

relativistic and quantum systems which explains how a unitary process, such as particle production,

is connected to an increase of entropy. Our work is free from assumptions on the relation between

matter and entropy and provides and intuitive understanding of how energy is used in the process

of expansion and particle creation in a cosmological scenario. Furthermore, our formalism extends

to all setups where the unitary evolution breaks down into a collection of two mode squeezing

operations. Our work opens a new avenue for the understanding of the quantum thermodynamics

of our universe.
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