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We develop a hybrid formalism suitable for modeling scalar field dark matter, in which the phase-space
distribution associated with the real scalar field is modeled by statistical equal-time two-point functions
and gravity is treated by two stochastic gravitational fields in the longitudinal gauge (in this work we
neglect vector and tensor gravitational perturbations). Inspired by the commonly used Newtonian Vlasov-
Poisson system, we firstly identify a suitable combination of equal-time two-point functions that defines
the phase-space distribution associated with the scalar field and then derive both a kinetic equation that
contains relativistic scalar matter corrections as well as linear gravitational scalar field equations whose
sources can be expressed in terms of a momentum integral over the phase-space distribution function. Our
treatment generalizes the commonly used classical scalar field formalism, in that it allows for modeling of
(dynamically generated) vorticity and perturbations in anisotropic stresses of the scalar field. It also allows
for a systematic inclusion of relativistic and higher-order corrections that may be used to distinguish
different dark matter scenarios. We also provide initial conditions for the statistical equal-time two-point

functions of the matter scalar field in terms of gravitational potentials and the scale factor.
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I. INTRODUCTION AND OVERVIEW

The standard model of cosmology attributes roughly one
third of the Universe’s energy to dark matter, a particle or
field whose nature is mostly unknown except for the effect
that it interacts with gravity [1]. There has been success in
studying large-scale structures of the Universe by modeling
dark matter as nonrelativistic particles that can be described
by a pressureless fluid. Linear perturbation theory can be
used up to the scale of nonlinearity k > k,; ~ 0.3 Mpc~! to
predict the distribution of galaxy clusters and the perturba-
tion theory may be used to study higher-order effects [2]. On
the other hand, interest has recently [3,4] been shown
in the study of axion or fuzzy dark matter [5—10] which
in the end is a real scalar field with a certain mass range
minimally coupled to gravity with self-interaction terms
playing a minor role. Common to most minimal scalar field
dark models is that the mass is much bigger than the Hubble
rate. It has been studied in linear perturbation theory in
different gauges [11,12]. The nonrelativistic limit of the
Klein-Gordon equation of a classical scalar field yields the
Schrodinger equation. By defining energy density and fluid
velocity via the so-called Madelung transformation, one can
reproduce nonrelativistic, nonlinear hydrodynamic equa-
tions in Friedmann-Lemaitre-Robertson-Walker (FLRW)
space-time for real [3] and complex [13] classical scalar
field theories. From a quantum field theory point of view, we
think of the classical fields entering these models as Bose
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condensates that are obtained by coherent quantum states
whose one-point function defines the classical field. In view
of the semiclassical Einstein equations, it is natural to extend
the analysis to the statistical limit of the full two-point
functions where the additional degrees of freedom can
account for all features of a fluid of massive collisionless
particles in the classical limit. In fact, it is the expectation
value of squares of (noncomposite) field operators at equal
times that couples to the Einstein tensor in semiclassical
gravity. Thus, we should think of these two-point functions
as building blocks of the fluid. In the classical limit these
equal-time two-point functions reduce to the statistical or
Hadamard two-point function. It is a priori not clear why
they should reduce only to the product of classical fields, i.e.
expectation values of one field operator insertion. Despite
that one has to argue on how such condensates are generated
in a quadratic potential in late-time cosmology, working
only with classical fields cuts down degrees of freedom that
might be important for cold dark matter models. We
underpin the later point by deriving that statistical two-
point functions are in a gradient approximation related to
phase-space densities whose position and momentum
dependence is initially generic by means of the connected
piece of the two-point function, i.e. the part which does not
reduced to a product of expectation values. This makes it
clear that they contain more features of the scalar field fluid
than the one-point functions or classical fields are able to
describe. From the perspective of a classical particle that is
coupled to gravity, the studies of phase-space dynamics are
inevitable when a single-stream fluid Ansatz breaks down
due to what is called shell-crossing. The kinetic theory
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underlying dark matter is summarized in the Vlasov
equation [14], which represents a phase-space description
that does not break down in the nonlinear regime since there
is no shell-crossing in phase-space. Phase-space densities
and the corresponding Vlasov equation have previously
been derived by using the Wigner transformation of the
nonrelativistic Schrodinger-Poisson system [15-17] and
also for a relativistic scalar field [18]. Once again, only
one-point functions have been considered and the richness
of the connected part of the statistical two-point function
is lost.

In this paper, we want to put forward the discussion
about real scalar field dark matter from the perspective of
phase-space dynamics which is according to us still
incomplete at the moment. We show that instead of using
classical fields, the more natural objects are statistical two-
point functions which via the additional space-time-
dependence can be used to derive a momentum dependence
as it occurs in kinetic theory. Integrating out this momen-
tum dependence still leaves us with a nonhomogeneous
space-time dependence that is induced by the stochastic
gravitational fields. Furthermore, two-point functions nat-
urally arise in quantum field theory, whose broad apparatus
might even be used to simplify nonlinear calculations once
a mapping to observables in cosmology is established as we
do in this paper. Defining phase-space densities from two-
point functions is a known business in Minkowski space
[19]; it is a generalization of nonrelativistic Wigner trans-
formation [20] to special relativity. The idea is to change
the coordinates to a collective and difference coordinate
and to Fourier-transform with respect to the difference
coordinate to obtain a momentum dependence. However,
there are few publications on a generalization of this idea to
curved space-times. Two independent works in [21] and in
[22] postulate off-shell curved space-time Wigner trans-
formations in a mathematical complicated expansion by
using geodesics and Riemann normal coordinates, respec-
tively. The transformation is done with respect to a
coordinate-independent physical distance between the
two points on the space-time manifold. A similar approach
has again been discussed by [23]. However, in this paper
we make use of a simpler transformation that allows us to
write down exact equations in a one-step transformation.
The idea is to think of the two-point function as an object
that depends on one point of the space-time manifold and
on another point that belongs to the tangent space over
that point on the space-time manifold. Consequently, the
momentum is a variable of the cotangent space over that
point on the space-time manifold. This approach was used
in [24] to define particle densities in an unperturbed FLRW
universe where the authors started with off-shell equations
and projected them onto on-shell quantities via integration.
A similar approach was already proposed in [25] for
general space-times and its implications were studied for
Fermionic systems; however, no on-shell projection was
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discussed. As far as we know, none of the previous works
makes an attempt to clearly derive a set of equations that
reduce in the classical limit to the Newtonian on-shell
Vlasov-Poisson system that is used in kinetic theory of dark
matter. We consider this as an important gap in the theory of
scalar field or axion dark matter and it is the task of our
paper to close it. Once we have a clear pictures on how the
dynamics of dark matter is embedded in quantum field
theory on curved space-time, we might discover more
ways to calculate cosmological quantities in the nonlinear
regime.

We call the approach in this paper a hybrid approach for
the reason that we start in principle from a quantum field
theory for the real scalar field but do not properly integrate
out the gravitational constraint. Thus, we approximate the
self-interaction terms that would be generated by this
procedure in terms of the gravitational potentials treated
as external sources which are by means of the semiclassical
Einstein equations related to the statistical two-point
functions themselves. The source of stochasticity is in part
in the quantum origin of scalar field fluctuations and in part
in the fact that making an initial Gaussian state Ansatz
neglects interactions of dark matter with other matter fields
and with gravity, which in general will create higher-order
(non-Gaussian) correlations that are neglected (coarse
grained) in our formalism.

The paper is structured as follows. We start by deriving a
dynamical system of on-shell two-point functions that is
converted from a pure space-time dependence to a depend-
ence on phase-space variables. We specialize to a scalar
linearized longitudinal gauge without vector perturbations
and without gravitons. But we keep the gravitational slip
(defined as the difference between the two gravitational
potentials), which induces high-order corrections in the
fluid dynamics of scalar field dark matter that have not been
captured so far in the one-point function approach. We
derive Einstein’s equations in that gauge and rewrite the
energy-momentum tensor as momentum integrals over
two-point functions. This allows us in turn to define scalar
hydrodynamic variables like energy density, rest-mass
density, and pressure. However, hydrodynamic variables
containing the four-velocity can only be defined as
composite operators leaving space for anisotropy. We then
consider a gradient expansion by introducing a variety of
perturbation parameters on top of the linearization in the
gravitational potentials and show that we indeed recover
the generalization of the continuity and Euler equation in
the FLRW space-time. We also use the energy momentum
to identify even and odd phase-space densities which brings
us finally to the derivation of the on-shell Vlasov equation
by making use of the unintegrated dynamical equations for
the statistical two-point functions.

In the hybrid approach that we put forward in this paper
we have two types of two-point functions involved. We
have a statistical two-point function (also called Hadamard
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function) which consists of the expectation value of
anticommutators of the scalar field operators evaluated
with respect to some initial density matrix. In our hybrid
approach, this initial density matrix is taken to depend on
the stochastic gravitational potentials as they appear in the
context of cosmological perturbation theory. This depend-
ence makes the Hadamard two-point function (which is a
c-number) itself a stochastic quantity arising from the initial
conditions. Thus, we can now take the expectation value of
the product of Hadamard two-point functions with respect
to the stochastic initial conditions and integrated versions
thereof will correspond for example to density-density
correlators in cosmological perturbation theory. Unless,
we do not make a clear distinction, we mean statistical or
Hadamard two-point functions whenever we speak generi-
cally of two-point functions.

II. PHASE-SPACE DISTRIBUTION
FROM 2-POINT FUNCTIONS

A. Microscopic theory in the operator formalism

Let us start by writing down the microscopic theory that
captures the fundamental dynamics. It is a real scalar
quantum field theory that indirectly self-interacts via a
minimal and semiclassical coupling to gravity.

We work in units where ¢ = 1 and write down the action
for the system

S[# 9] = Sglg] + Suld- gl (1)

where

1 2
Sm[d)v g;w] = _5/ de\/__g |:.guyau¢8y¢ +%¢2 s (2)

is the matter action and

S,lga) =57 [ x/aR 3)

is the classical gravity action with R being the Ricci scalar.
We will work with a metric for linearized scalar perturba-
tions in Newtonian (longitudinal) gauge which is specified
by the two gravitational potentials ®; and ¥,

goo(n. x') = —a*(n)[1 4 2®g (1, x)],

gij(n.x') = az(’7>5ij[1 — 2% (n, x') (4)
We drop all quadratic terms @7, W%, @ - ¥ as higher-
order corrections from the very beginning. We also drop
vector and tensorial perturbations for simplicity although in
general we expect them to be generated due to nonlinear
evolution. Inflation generates gravitational potentials that
can be to a good approximation treated as classical
stochastic fields that are at large redshifts approximated
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by a Gaussian distribution. We note that the metric (4) is
particularly useful to study the Newtonian limit of general
relativity. It generalizes the longitudinal metric that has
been used in the classical real scalar field theory approach
to dark matter in [3] by allowing for a nonzero gravitational
slip that we define in D space-time dimensions as

gravitational slip := ®; — (D — 3)¥;. (5)

The quantum theory in the operator formalism is specified
by the time-evolution or Hamilton operator A which is a
functional of the field operator ¢ and its canonical momen-

tum field operator I1. We work in the Heisenberg picture and
the canonical momentum operator evaluates to

M1(x) = P2 ()1 = g (. x")

— (D=1l ), (6)
where
v ) and ()= () 7)

The field operators obey equal-time commutation relations
By, x), T(n, )] = ihsP~ (x! = 5),

{4’5(’7’ xi)’ 4’5(7]’ Scl)] =0,

(. x). T(n, 37)] = 0. (8)

Since we are working in semiclassical gravity the
Hamiltonian A additionally depends on the gravitational
potentials @, W that act as external, stochastic fields,

(G Mg, = [ a5lif = [ 1L, (3.8 g,)

:—l dP-lx P
00
2 V=99
1 dP-\x/=aldio.do .4 m* o
+§ x\/=g|9”0;¢ j¢+ﬁ¢ .

©)

Using the Heisenberg equations we find the following time
evolution of the canonical operators,

@' (x) = a= P2 (i)[1 + g (x) + (D — 1) ¥ (x)]ML(x),
(10)
[T (x) = a"(0)870,{[1 + g(x) — (D = 3)¥6(x)]0;(x)]

m2 A
- ﬁaD(n)[l + @g(x) = (D = 1)¥6(x)]o(x).

(11)
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We stress that the constraint fields ®;, W; do not evolve
independently. Thus, we are not fully fixing the gauge by
integrating out the constraint fields. We do this in order to
make the connection to the Einstein-Vlasov system clearer.
This means, at the same time that we are approximating
scalar interactions that are induced via gravity by stochastic
two-point functions. However, examining the fully gauged
fixed theory at the quantum level is planned for the future.

B. Why a quantum field formalism
for a classical problem?

One might object that the quantum field theory frame-
work we presented so far is a completely exaggerated tool
to describe effects that arise in the classical treatment of
late-time cosmology. However, this description has on the
one hand the advantage of being based on a fundamental
theory which permits a Lagrangian description and in
which in our simple model contains one parameter, the
scalar field mass m. On the other hand, it is related to the
typical classical nonrelativistic particle description by
imposing conditions that approximate a classical stochastic
rather than a quantum description as well as a gradient
expansion that contains relativistic corrections. We note
that quantum path integrals generalize classical stochastic
path integrals where the quantum commutators (8) are
replaced by Poisson brackets [26]. For us it is important to
inherit the stochastic correlations of two-point functions
from the quantum field theory framework since late-
time cosmology is a classical stochastic theory whose
stochastic seeds are given by the gravitational potentials.
That quantum effects are potentially present in this
approach is a completely negligible add-on rather than a
crucial ingredient. Still, this perspective has the advantage
that we always keep the bridge to nonequilibrium quantum
field theoretic techniques as for example the Schwinger-
Keldysh formalism [27,28] that might be useful when
studying nonlinear evolution. Our formalism is a hybrid
formalism in the sense that we use a mixture of 2-PI
formalism [29] for the scalar field matter and 1-PI formal-
ism for gravity and do not fully fix gravitational gauge in
the sense that we do not fully solve (gravitational) con-
straints of the theory, but instead we leave the gravitational
potentials as external stochastic sources (keeping in mind
that they are eventually fixed by the linear Einstein
equations).

The condition of being in the classical stochastic regime
of a quantum field theory rather than in the quantum regime
can be formulated as follows: the (classical) correlators that
contain anticommutators (and no time ordering) are much
larger than the quantum correlators defined in terms of
anticommutators with or without time ordering (examples
of which include the causal or spectral two-point function
([p(x), §(%)]), retarded and advanced propagators, etc.).
We therefore assume that our two-point functions obey
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2F(x:%) = ({d(x). d(E)}) > [([p(x). D)])].  (12)

where {¢(x), (%)} and [$(x), p(X)] denote anticommu-
tator and commutator operation, respectively. Rigorously
speaking, the classicality condition (12) is never satisfied
for all space-time points. By assuming (12) we are saying
that we restrict ourselves to those space-time points
where (12) is amply satisfied. Rather than rigorously
going through a procedure that would achieve that in
practice, here we just sketch how such a procedure can be
exacted. In the case of interest for dark matter, the
condition (12) will be met for sufficiently large spatial
separations. One can make use of a suitable window
(smearing) function, which projects out of the full two-
point function its classical part. When the complementary
(“quantum”) part of the two-point function is integrated
out, one will generate local geometric divergent contri-
butions (that can be renormalized by adding suitable
local geometric counterterms). Apart from renormalizing
the Newton and cosmological constant to its observable
values, the remaining geometric terms will have a
negligible effect on the evolution of late time two-point
functions, and we shall neglect them here. The remaining
infrared parts of the two-point functions will satisfy the
classicality condition (12).

To get a better feeling on what classicality really means,
it is helpful to assume adiabaticity with respect to gradient
expansion (discussed in more detail below), in which case
one can perform a Wigner transform with respect to the
relative spatial coordinate, x' — X', resulting in the statistical
two-point function, F(X', p;, t,t), X' = (x' + ¥) /2. When
F(X', pi,t,0)][0,0,F(X', pi, t,1)],_, > (R/2)* is satis-
fied, then one is in the classical regime.” More concretely,
in the case at study we expect the classicality condition
(12) to be satisfied for two-point functions that are
smeared on distances larger than the comoving distance
corresponding to the end of inflation, which is of the
order ~1 m. Since the two-point functions we use to
describe dark matter are on the scales of large-scale
structures, they are in a deeply classical regime and the
condition (12) is royally satisfied.

The second important condition to get into the regime of
nonrelativistic particles is related to validity of the gradient
expansion. Roughly speaking, the expansion is valid when
the following two conditions are met:

1705 - O5Il < 1, 170,06l < 1, (13)
where the norm is to be understood in the sense that one
derivative acts on one test function (such as a two-point
function) and the other on another object (such as a

'An alternative (and related) criterion for classicality of a state
is given by the von Neumann entropy of the Gaussian part of the
density matrix being much larger than one [30-32].
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gravitational potential).2 Assuming that two-point func-
tions vary on scales of momentum (energy) given by the
momentum (energy), i.e. hdg ~h/E ~h/(mc?) ~i¢c/c,
and 705 ~ h/||pll ~ h/(mv) ~ A4p, where Ac and Agp
denote the Compton and de Broglie wavelength, respec-
tively, the conditions (13) can be recast as

A
T> €, (14)
C

L > 1z,

where L and T represent the characteristic length and time
scales over which gravitational potentials or two-point
functions vary. L can be as small as the smallest
large-scale structures we are interested in (which is of
the order ~kpc) which implies that 7 must be much
larger than the time light crosses about one mega-parsec
which is about a million years or so [this estimate follows
from the observation that A5 ~ 10°A¢ as v~ (1073-1072)c].
To get a feeling of how good that approximation is, note
that the inequalities are amply satisfied for a dark matter
whose mass is of the electroweak scale ~10? GeV.
However, when one considers an ultralight scalar such
as in Refs. [3,4], the scalar mass is of the order
m ~ 107%2-10%* eV, the Compton and de Broglie wave
lengths are A~ 107-1072 kpc, Ay5 ~ 1072-10 kpc, the
quantities in (14) can become comparable for smallest
scales of interest, and hence one expects significant higher-
order gradient corrections. One is typically interested in
modeling dark matter at an accuracy better than 1% (as it
will be tested by upcoming observations), which then
defines the order in gradient expansion that one ought to
keep. The corrections of the gradient expansion can be
subsumed by the following perturbation parameters:

0 0
Ep ~ {Sk ~ hmi);vgk/p ~ fl?XN flaxap,

£H~h£,£3n~hﬁ}. (15)
ma ma

Next, there are relativistic corrections due to the rela-
tivistic nature of dark matter. The fact that the energy is not
equal to the rest energy can fully be captured in our
formalism as long as we keep the on-shell energy resulting
from the field theoretic description equal to the quasipar-

ticle value, E = | /m* + p>,, where p>, = g;;p'p/ denotes
the physical momentum squared (for simplicity we do not

include all of the metric corrections in here). To study these

The validity of this expansion depends on the initial density
matrix which ought to be classical enough. The initial density
matrix can for example be taken to be Gaussian, containing initial
one-point functions and connected two-point functions. In
particular, without any coarse graining, only the connected part
of the two-point function can satisfy the conditions of gradient
expansion.
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corrections one can systematically include them order by
order if

~ Peom (16)
ma

€p

where p.,, denotes the comoving momentum today.
These corrections occur e.g. as relativistic corrections to
the energy-momentum tensor whose most important com-
ponents are energy density and pressure which source the
generalized Poisson-like equations for the gravitational
potentials.

Furthermore, there are relativistic corrections induced
by the relativistic nature of the scalar field Klein-Gordon
equations, and these appear as higher-order time derivatives
in the Vlasov (or collisionless Boltzmann) equation. These
corrections are small if the second condition in Eqgs. (13)
and (14) is met and if ||0,|| < H, where H denotes the
Hubble expansion rate in conformal time.

Next, there are relativistic corrections arising from
general relativity being different from Newton’s gravity.
These corrections occur as higher time derivative correc-
tions to gravitational potentials and as the corrections
induced by the Universe expansion. The latter are sup-
pressed by the Hubble rate H and they are small if

1
T < —. 17
<<a7-[ (17)

Furthermore, since general relativity has more degrees of
freedom than Newton’s gravity, there are general relativistic
corrections expressed as a nonvanishing gravitational slip.
Finally, we expect that as a result of nonlinear interactions
between matter and gravity, gravitational vector and tensor
perturbations will be (dynamically) generated (even if they
are not present at the initial time). In this paper we neglect
these types of perturbations, but they can be easily included
in our formalism by including them in the Ansatz for the
metric tensor.

Of course, there are also higher-order gravitational
perturbations. However, since on the large scales we are
interested in gravitational potentials do not grow much
beyond their initial value,

€é ~ q)G, lPG ~ 10_5 < 1, (18)
we can safely neglect terms of the form @7 and WZ; higher-
order vector and tensor perturbations can be also neglected
since vectors and tensors remain smaller than gravitational
scalars throughout the evolution. We will also encounter the
parameter

EH/k ~ HOR! (19)

that controls whether we are on sub- or superhorizon scales.
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C. Phase-space distributions from
Wigner transformation

The concept of the Wigner transformation (see for
example [19] or [33]) was introduced to extract phase-
space distributions and its Boltzmann equation from
particle wave functions, then generalized to field theory
in Minkowski space-time and even later to field theory in
curved space-time to yield a covariant Boltzmann or Vlasov
equation. However, the generalization of the Wigner trans-
formation to arbitrary curved space-times must still be
considered as an active research field since there are as far
as we know merely four major contributions to this area
[21-23,25] which agree only in the limit where # goes to
zero. Apart from the proposal by [25], all approaches are
based on perturbative expressions. On the other hand, all
of these papers cover almost entirely off-shell phase-space
distribution f(X*, p,) in the sense that the momentum
conjugate to the time difference Ax in the two-point
function, p, is still an independent variable that needs
to be put on shell by integrating it out since the starting
point for the Wigner transformation is a nonequal-time two-
point function, An # 0. As it was to our knowledge first
pointed out by [34] for electrodynamics in Minkowski
space-times, going on-shell requires more than one moment
in pg space, i.e. f 522 PoS (X*, p,). This approach of taking
several moments and relating them has been applied to
homogeneous cosmological backgrounds by [24] to define
a particle number density. Our goal is to obtain candidates
for on-shell phase-space distributions f(X*, p;) and their
dynamics for the nonhomogeneous linearized longitudinal
metric (4) we provided in the beginning. We seek them by
computing the dynamics of two-point functions on-shell or
at equal times in the operator formalism and then perform-
ing a (D — 1)-dimensional Wigner transformation of these
equal-time two-point functions. Apart from our interest in
scalar field dark matter, we want to use the linearized
longitudinal metric as a guideline to gain some intuition for
on-shell Wigner transformation in curved space-time and
generalize it in future work to arbitrary nonperturbative
metrics.

Let us start by looking at the four equal-time two-point
functions whose combination might provide candidates
for phase-space distributions after a (D — 1)-dimensional
Wigner transformation

Foo(n, x', %) = (¢h(n, x')h(n, X))
= Trlpuild, 11, @6, Yol (n. x')(n, )],
(20)
Fio(n.x', %) = (T1(n, x") (. ¥))
= Tr[pi [, 11, @, Yol l1(n, <) (n, 5)],
(21)
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Foi (1, %, X7) = ((n, x")T1(n, 37))
= Tr[pinilh. 11, @i, Wil (n, x )1, X)),
(22)
Fiy(n, %', %) = ([, x){1(, X))
:Tf[ﬁini[ﬁlg 1, D¢, Yol (Ji)ﬁ('l’ii)]’
(23)

where the expectation values are taken with respect to some
initial density matrix p;,; which functionally depends on the
operators c,;ﬁ and IT at some initial time 7;,;. Note that in the
context of cosmology the initial density matrix p;,; depends
also functionally on the stochastic gravitational potentials
O, Yi; at this initial time #;,;, and in its general form it
allows for implementation of effects of coherent states,
squeezing and state mixing. In this way, two-point func-
tions can be stochastic quantities,

Foo(11,x', %) # (Fo0) (@) (1, X', X')
= <<$(’77xi)$(’7’ ii)>[}>(¢cﬁwc)

= / DOGDYP[@g, ¥ Tr|pini
X [gﬁﬁ ‘I’Gv‘PG]ds(’% xi)qa(n, X)), (24)

where P is a probability distribution for the gravitational
potentials. The reason to introduce this formalism lies in its
application to cosmology in the sense that we want to
bridge a gap from semiclassical quantum field theory
to cosmological perturbation theory.” Thus, ®; and ¥g
are stochastic, homogeneously distributed fields that evolve
into non-Gaussian fields due to the evolution of large-scale
structures. We want to think of this model more as a
conceptional test case on how to relate full quantum
microscopic theories to models in cosmological perturba-
tion theory as for example the cold dark matter model.
Once we find that this is a fruitful Ansatz, we will provide
generalizations for arbitrary metrics and even wave the
semiclassical approach by integrating out the gravitational
constraint fields ®;, W5, which at the moment act as
approximate self-interactions of the scalar field theory since
the Einstein equations constrain them to be related to the
scalar field’s two-point functions. We also want to point out
that the reducible and connected pieces of the two-
point functions entering (20) to (23) do not decouple in
general which is due to the gravitational fields since the

*We remark that this might be closely related to the stochastic
gravity framework proposed in [35] although we did not inves-
tigate this further. For us, the stochasticity of two-point functions
is more an ad hoc Ansatz that turns out to be very convenient in
relation to cosmological perturbation theory.
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semiclassical Einstein equation will constrain them to be
related to both one-point functions as well as the connected
matter field two-point function. On the other hand, this
makes clear that setting initially either the one-point
functions of the matter field or connected parts of the
|

D(n, xi) = aD_2(’7)5ij[[aiq’G](’7’ xi) - (D - 3)[ai‘PG](’17xi)}

— oz a1+ @) = (D = 1)¥g(n.).

where we used the Laplace operator A which on con-
formally flat cosmological spaces equals 679,0;. We also
define the following function as a shorthand:

h(n.x') = a~ P~ (n)[1 + @g(n.x") + (D + 1)P5(n. x7)).

(26)

Then, based on the Hamilton’s equation for the canonical
operators (10) and (11), we get the following system of
equations:

F()o('l’xiaii) = h('lyxi)Flo(’?’xi,ii) + Fo (ﬂ,xi’ii)h(ﬂji),
(27)

Fio(n,x', ") = D(n,x") Foo(n,x", X7) + Fyy (n,x", X)) h(n, %),
(28)

Fé)l(”ﬂxi?'%i) :D<;77~;Ci)FOO(’/vai’ii) +h(’17xi)F11(’77xia5&i>’
(29)

F/11<I/I7xi7jzi) :D<’17xi)F01 (l/l’xiail) +D(’175€i)F10(’17xi356i)'
(30)

This is a system of four first-order differential equations with
four independent initial conditions. However, we have to
keep in mind that these two-point functions obey certain
symmetry properties and we realize by combining F;, and
F(; that we can specify three symmetric functions and one
antisymmetric function as initial conditions. We remark that
this system of equations closes in the sense that we need no
information about higher n-point functions. This is due to the
following reasons: firstly, we neglected manifest self-inter-
actions of the scalar field (e.g. ~A¢*) that are not due to
gravity; secondly, we approximate the self-interactions that
are induced via gravity. These interactions are nonlocal in
space but local in time via an inversion of the generalized
Poisson equation. It means that the scalar field couples in this
approximation only to its two-point functions since the
gravitational potentials ®;, W are—via the semiclassical
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matter field two-point function to zero removes them
from (20) to (23) for all times. Before we turn to the
Wigner transformation itself, we write down the dynamics
of the equal-time two-point functions (20) to (23). Let us
therefore define the differential operator

a0l @)= 0=l

(25)

[
Einstein equations—entirely expressible in terms of the scalar
field two-point functions. We call this the hybrid approach.
Thirdly, the scalar field does not interact with the dynamical
parts of gravity, the gravitons, since we put them to zero by
hand as an assumed negligible effect.

Let us continue to manipulate the system of equa-
tions (27) to (30) by switching to collective and difference
coordinates for the spatial parts,

XX
==

rl=xt — X,

X (31)
We define the Wigner transform with respect to covariant
momenta p; and its zeroth moment denoted by a bar as

F.(n, X', p;) = /dD_lre‘;L/’i’iF*(n,Xi,ri), (32)

F.(n. X" ==/dD_1pF (n.X".p;).  (33)

(2zh)P-1" "

This definition is our equal-time, thus on-shell, version
of the several curved space-time generalizations of the
Minkowski space-time Wigner transformation of course for
our specific choice of a longitudinal linearized metric
without gravitons. It is a direct generalization of the
Ansatz in [24] from the homogeneous FLRW space-time
to its nonhomogeneous perturbed form. This definition
identifies the time coordinate # and spatial collective
coordinates X’ as a single point on the curved space-time
manifold, whereas the spatial difference coordinates r and
the momenta p; belong to the tangent and cotangent space,
respectively, that is associated with that point. We neither
make use of any geodesic expansion nor do we use
Riemannian coordinates. This implies also that our equa-
tions are exact apart from the linearization in the gravita-
tional potentials. We also would like to mention that the
on-shell operator formalism for curved space-times we are
using resolves the problem of perturbatively solving the
off-shell constraint equation which always accompanies the
off-shell Vlasov equation by providing a manifest closure
for on-shell correlators [21-23,25].
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It will turn out that upon Wigner transforming Egs. (27)
to (30), two other correlators are much more useful than
Fy, and Fyy. Thus, we define the following combination of
equal-time two-point functions:

o 1 o .
F (1., ) = 3 [Fig 1,5 %) + Fou (1,5, 7))
1

= 5 {00 ). . )
+{b(n.x"). 1(n.3)}), (34)
F_(n,x', %) = % [F1o(n, %', %) = Foy (n, x', ¥')]
hoepig i i
—.551) T(xh = xP)
= 3 (0. ). 0. 7))
— {1107, 37). $(n.x)}). (35)
|
Fi = aD_Z{% (P2 Fp) E% (@ + (D - 1)¥) ai'

2

+h2

where

p*=8Ip;p;.

™ 21 -2(D 1>w01[aD-2Foo1} X {140 2) + O},
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where {., .} denotes the anticommutator. The calculation of
transforming the two-point function dynamics into Wigner
space is shown in Appendix A. We remark that this
calculation is exact up to the linearization in the gravita-
tional potentials. Since we want to identify phase-space
distributions we have to treat the problem by utilizing the
gradient approximation. Therefore, we consider again the
perturbation parameters in (15) to (18) and solve perturba-
tively for F, and F|; which are determined in terms of Fy,
and F_,

1
Fo= {5 [1 - @ — (D - 1)¥]a"?Fy,

n o 0
_Eﬁ[q)G + (D - 1)¥] 8p,-F_}

X {1+ 00 &) + Olef). (36)
! 2
= ] 1= 2(D = 2)g)[a 2P
(37)
(38)

The dynamics of F, and F_ is given by the following coupled equations:

19 )
/ — [ —
Fl = { o @a + el 5 -

0 mzazi 0
n 0X ©op,

— [1+ @G = (D = 3)¥g) BE = a2 o] +

[P*la 2 Fog]) = 2 Oyl

(D = 3)¥g][a”2Fy)

[aD-2F001} < {1+ 0(E-) + 0@}, (39)

2

2 m !
{l [aP=2Fy]" + (D = 2) g [aP~2Fyo)' + % [1=2(D =2)¥) [a"Foo] + [ﬁ a*[1-2(D - l)qu]i| [aP =2 Fyo]

2

m’* 2 p2p v _BAxpag oy P’ D2p
+ 2 h2 a [1 —_ 2(D - 1)lPG] [a Foo] —_ 2 [a FOO] + 2_h2 [1 —_ 2(D - 2)‘{’(;] [a FOO]

2 2.2

p- 0 0 p m-a- 0 0
—2———[D Y| —F 2l +®; — (D =3)¥;|= - OyF_ —-2———O,—F

raxk b T ¥l g B 2ll 4 @6 = (D= 3)¥l g O =25 P,

x{1+0(e; - e) + O(e})} = 0.

(40)

We conclude that to this order in the gradient approximation, we still keep all degrees of freedom that were contained on the
original first-order system (27) to (30). Dropping the third-order time derivative would leave us with the degrees of freedom
of a symmetric and an antisymmetric function. Before we try to recover a Vlasov equation from these equations let us pause
a bit and make it clear how this equation reflects the difference between products of one-point functions and connected two-
point functions. We will also realize that the higher-order time derivatives correspond to oscillatory degrees of freedom. For
simplicity, we set D = 4 and focus on the homogeneous part of Eq. (40) in the large mass limit (p < m), where we denote
the homogeneous approximation of Fy by F ggm,
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L ot homw 27 phom]/7/ m’ 272 phom
5[‘1 [Foo™]T" + Hla*[Foo™]'] +2Hﬁa la”Fgg™]
m2
+ Z?a2 [a®Fhom]’ ~ 0. (41)

Expanding this equation, we arrive at

[a3F88m]/// _ 3H[a3F88m}N
2

+ 455 @ =12 - T [ FiY

+3[H? + HH' — H"|[a* F§g™] ~ 0. (42)

In order to make progress, we also have to provide the
Einstein equations, which we derive in Appendix B in
Egs. (B26) to (B27). The spatially homogeneous equations
with neglected momenta p < m read in D = 4 dimensions
(all terms p?m~2 are dropped)

2.2
_ZH/ _ H2 ~ a—4Fhom _ MFhom (43)
~ ZM% 11 hz 00 ’
3H2 ~ Cl_4Fh0m + a2 m_thom (44)
2M%) 11 hz 00 ’

and from (37), we have

h @ o tmomy . ™ 6
P IR + T S FRr. (45)
Equations (42) to (45) admit three independent solutions.
We can guess them quickly by noting once more that F Bgm
is constructed out of one-point functions and a connected
piece

Fig™ = ()™ (@)™ + (D §)domectea-  (46)

In the limit H <« A~ 'ma, the solutions for the one-point
functions are through the Klein-Gordon equations approx-
imately given by

<¢2‘>h0mVsoll ~a3?cos (/ d}’]l’l’ld) s
<$>h0m,5012 ~ a—3/2 sin </ d;/]ma) . (47)

~

Had we used only one-point functions (¢) to construct
Fggm, our analysis would be complete at this stage since
we can only impose two initial conditions for ((}5) and they
would completely determine FS™ which in this case has
always an oscillatory contribution. However, let us forget
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about the one-point functions and focus on the connected
part of FIo™. We see that the following functions are two
independent solutions to (42)4:

hom,soll ., -3 2
Foo & a~’cos </ dnma),

Fhomsol2 o 1=34in2 dnma ), 48
00 n

hom.sol 1 Nm_2a3sin2 (/ d ma)
11 Y 1 '

frhomsol2 m_2a3c052 </ d ma> (49)
11 ~ hz ’7 :

The corresponding solutions for the Hubble rate are given
by the following leading-order terms:

[HZa]**''? ~ const, (50)

[ZH/ + HZ]SO] 1,2 ~ i3H2 X COS <2 / dnma) s (51)

[H" + HH']'' 2~ F 3maH? sin (2/d}7ma>. (52)

We then choose a linear combination of these solutions
which is not oscillatory and can only be provided by means
of the connected part of Fio™. It is to leading order simply
given by

1

hom,non-osc __ hom,sol 1 hom,sol27 ., -3

Foo —5[00 + Foo Jra,
h m?

Jrhom.non-osc —(13. (53)
11 fl2

The corresponding solutions for the Hubble rate are given
by the following leading order terms:

[H?a]"m%  const, (54)
[27‘(/ 4 HZ]non—osc ~0. (55)

We of course get this solution by dropping all higher-order
time derivatives on FiO™ in the limit H < A~ 'ma. To
summarize, we have shown that—by means of the con-
nected part—the two-point function formalism allows one

4Being ignorant about any p dependence for the moment, the
initial density matrix for homogeneous two-point functions
contains five initial conditions (see e.g. [26]): the one-point
functions (¢) and (IT), and the connected parts of the two-point
functions Fyg, Fy1, and F, or equivalently Fo, Fyy,, and F(y,. The
fourth condition for the connected part of F_ is trivially satisfied
in the homogeneous case.
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to overcome the oscillatory behavior of time derivatives of
the Hubble rate, and equivalently of pressure, without
any averaging procedure. It is in this respect significantly
richer in comparison to the approach based on classical real
scalar fields.

ITII. GENERALIZED ON-SHELL
VLASOV EQUATION

A. Identification of scalar field on-shell
phase-space distributions

We now compare the real scalar field energy-momentum
tensor expressed in terms of scalar field two-point func-
tions [see (B34) to (B38) in Appendix B] with a general
energy-momentum tensor in kinetic theory. This will allow
us to identify phase-space distributions based on the scalar
field. The phase-space distribution f of classical colli-
sionless particles in general relativity obeys the Vlasov
equation [36]

Pl 0 . pirh

— 4+ : :
on p(c)laXl v sz

0 .
i X/ cly __ .
aplcl:|fd(rl’ 7pk) 0

(56)

The energy-momentum tensor in kinetic theory is then
given by

cl ¢l

Tk (3, XT) = /dD—lpcl y"/QM
Ecl

X (0. X\, p¢) faln. X' psh).  (57)

Here, the quantity y is the determinant of the spatial metric.
The particle energy E.; and the temporal momentum pgl are
related to the on-shell condition

cl M

PuPe = —miz, (58)

which gives in longitudinal gauge

Pg = goo\/m2; + 97 pi'ps g0 = 0. (39)
Ee = ~|g"]"2p. (60)

Of course we want to identify similar quantities through the
covariant Wigner momenta p;. By using a tilde from now
on, we want to clearly distinguish between the covariant
Wigner momentum p;, which is an integration variable and
derived quantities that are related to it via the metric,

»? } 1/2
a*(n)
2

__r
m*a*(n) + p*

E(n.X'.p;) = [mz +

x [1 + W, (. X)|, (61)
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PP X', p;) =a ()|l = @g(n. X)|E(n. X', p;),  (62)
Po(n. X', p;) =—a*(n)[1 +2®5(n. X")| p°(n. X", p;).  (63)

prn. X' p;) = a2 (n)[1 + 2% (n. X")])6" p;.  (64)

In particular, we emphasize that there is no independent
integration variable p, which is encountered in off-shell
Wigner transformations; we have only the on-shell quantity
DPo(pi). As we derive in Appendix B, the 00 and 0i
components of the real scalar field energy-momentum
tensor are to leading order in 7 given by [see
Eqgs. (B34) and (B35)]

(Too) (. X7) = Too(n. X")
- {”’:;2 [1 4 2®6(n. X")|Foo(n. X')
+ [1+2®6(n. X') + 2% (n. X))
x/%z—jFoo(ﬂ»Xi»Pi)
x [1+0(&)], (65)

and

(Toi) (0. X') = To;(n. X
= —a~ P21 + &gy, X'
+ (D= 1)¥(n, X")]
d°'p p; ;
X /W%F—(ﬂﬂx . Pi)
x [14+ O(e3)]. (66)

We realize that according to Eq. (65) a phase-space density
candidate in the classical particle limit would be given by

even even
a =t p)

_ Ey'? Fy

T (2zh)PT R?
(m2a? + p2)1/2 P2
= 1= (D-1)¥ —_—
(2zh)P-! ( e + m?a* + p?
aD—ZFOO
hZ

Y

(67)

However, when looking at the T; Eq. (66), we would
rather come to the conclusion that the classical phase-space
density should be given by

1 F_
q = o= Qzh)PT h (68)
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In Egs. (Al12) and (A13) in Appendix A we sum-
marize that according to their fundamental definitions the
two-point function F, is of even parity in p; whereas
the two-point function F_ is an odd parity function in p;.
Thus, up to a rescaling and corrections in our perturbation
parameters, the quantity Fy, seems to play the role of the
phase-space-density for even moments and F_ seems to
play the role of the phase-space-density for odd moments

in p;.

B. Dynamics of on-shell phase-space distributions

Based on the identifications in the previous paragraph,
we rewrite (39) and (40) in terms of the definitions (67) and
(68). We find

ven a ven
fodd + p Xk fe en __ 8Xk [(DG + ¥y ] fe (S
8
" even
m X f
x [1+0O(e; - eg) + O(e})] =0, (69)
0 .0 0
~0 _~  reven fod odd __ i ) p odd
p 8I1f¢ +p kf PP [®6 + G]apk o
0 0 n? 013
(I) odd -2(D-1)| ,D-2
m oxi P g, 8 g [“ an]
X [a—(D—Z) (m a? 4 p2)—1/2f(epven]
, Ay
- a2 G o 4 )
X [1+0(e; - e3) + O(})] = 0. (70)
We emphasize again that p° is on-shell. We set’
F F_
f feven +fodd (Zﬂfl) (D—- )|:E},l/2 hOQO + - :| ’
(72)
and find
5Note, that we could also have considered
fgme—rev = f;ven _ fg(;)dd’ (71)

which yields phase-space dynamics for reversed momenta or
equally for reversed times. However, the equation for the time-
reversed density amounts only to a flip of the sign of the
momentum p; and thus yields no new information.
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B B 9 B
50—k Bip Dy + V] ——
Hp anﬂ? X pplaxk[ ¢+ G]apk

o 0 e 973
2 Y% . 9 " op-1y| p2 9
"™ oxr Po 8pk] fotge {a 877}

% [a—(D—2) (m2a2 4 p2)—1/2f?/)ven]

Ay 0
_ 52, 22X 2.2 1/2 reven
wa S o e ) )|

X [1+0(e; - &) + O(e;)] = 0. (73)
Equation (73) is the main result of this paper. It tells us that
we can obtain a corrected on-shell Vlasov equation from
statistical two-point functions of a scalar field theory. It
includes a third-order time derivative such that we keep
all degrees of freedom from the initial first-order system
(27) to (30) originating from the relativistic Klein-Gordon
equation. However, dropping these third-order time deriv-
atives as small corrections, we are left with the degrees of
freedom of a one-particle phase-space distribution. We
note, that dropping these third-order time derivatives can be
justified by either using certain initial conditions in the case
that F is given only in terms of the connected two-point
functions (concretely F, ~ HF ). In the case where F is
only given by a product of oscillatory one-point functions,
we can drop those contributions only after an averaging
procedure. Apart from the third-order time derivatives the
generalized Vlasov equation (73) contains corrections in
the gradient expansion. Dropping the later, we find the
same form as for the classical, collisionless on-shell Vlasov
equation given in (56). We note that since we used a spin
zero field, we expect corrections due to nontrivial spin in
other quantum field theoretical settings. We also note that
the degrees of freedom of the system containing all time
derivatives might be constrained by conserved quantities.
We remark that conserved quantities have been identified
in homogeneous settings [24] and we plan to investigate
this issue for our nonhomogeneous case in the future.

A few more comments are in order. We acknowledge
that an off-shell version of this equation has been derived
much earlier by [21,22] for arbitary metrices. As we
pointed out above and explicitly derived here, the on-shell
Vlasov cannot be derived from a single on-shell two-point
function which became apparent from the derivation of
real scalar field particle densities by [24] in homogeneous
FLRW space-time and which was pointed out earlier by
[34] for a QED Vlasov equation in Minkowski space-time.
However, we remark that integrating out off-shell energies
implies a renormalization procedure that is avoided by
using a pure on-shell formulation up to this point. An
equation similar to (73) may be derived by employing a
quasiparticle approximation that is restricted to positive
off-shell energies which are then integrated over [37,38].
However, this quasiparticle picture does not need to hold
and it is a priori not settled why negative off-shell
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energies should not contribute. Thus, as far as we know,
this is the first explicit derivation of the on-shell Vlasov
equation for a nonhomogeneous metric from a fundamen-
tal theory that is not employing a quasiparticle approxi-
mation i.e. that does not restrict excitation to be lumped in
region of positive off-shell energies. We also acknowledge
that Eq. (73) has been derived on phenomenological
grounds from a Schrodinger equation based on one-point
functions as discussed for example in [17]; however,
without any coarse graining this approach does not allow
for independent moments in momentum space since they
will be related by spatial derivatives and thus, this one-
point function approach cannot model a generic non-
perfect fluid with gravitational interactions without any
coarse-graining.

Let us comment a bit more on the physical meaning of
this real scalar field phase-space distribution f, and why
we think that it can model a general fluid with gravitational
interactions. First, we note that it is no surprise that the
definition (72) yields a generalization of the Vlasov
equation since it is related to the Wigner transformation
of the Schrodinger operators i in the nonrelativistic limit.
We see this by writing

d0.3) ~ o xyexp| '3 [ diat)
vt ne |4y [ dna@)]. o0

and after some manipulations we find

fon. X', pi)
e / AP remH (. XA+ P2)p (0. XK — 74 /2))
X [1+ O(&2) + O(e7) + oscillatory terms]. (75)

We already remarked in Sec. II C that the oscillatory terms
can be removed by an appropriate initial density matrix.
Thus, we rediscover in the large mass limit the definition of
the nonrelativistic Wigner quasiprobability distribution
based on an initial density matrix [20]. This is another
strong hint that our on-shell approach to construct a phase-
space distribution f 4 has a classical interpretation provided
the classicality condition and the gradient expansion we
discussed in IIB apply. This implies a suitable choice
for the initial density matrix, in other words the state it
represents has to be classical enough. We can also for-
mulate the approximate equivalence between a classical
one-particle phase-space model and the classical limit of
the real scalar quantum field theory in the following way:
since the dynamics for the scalar field phase-space dis-
tribution f, and the classical distribution f.; agree on
length and time scales that are associated with the classical
limit, the difference between the two quantities is encoded
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in the possibility to formulate arbitrary initial conditions.
For any smooth classical phase-space distribution we can
write

fcl(’]iniin7pi) :/dD_lre”ip"fcl(’lim’Xk’ ”k)

= / P~ (x - y>ei<x_y)ipi}cl(’7ini7 Xk, y5),
(76)

which in particular means that any moment can be
written as

ki,.... k, i
Flhkd (g X

dD—lp A

B /Wl)l)_lpk‘ . .pknfCl(nini’le pl)
o" . o

- a(x - y)kl ... a(x _ y)k" fCl(ninivx ,y )|(x_y),-:0‘

(77)

From this we conclude that an arbitrary smooth, classical,
one-particle phase-space distribution is initially specified
by an arbitrary function in two spatial coordinates. How-
ever, we can always provide such a function based on a
Gaussian initial density matrix for the quantum theory
which is encoded in the connected part of the two-point
function,

= <¢/(771ni’xk)><¢/*<’7iniyyk)>
+ <l/,\/(77ini s xk)l/,\/* (nini ) yk) >connected'
(78)

(W (Mini s X5 (13, ¥5))

Note that the product of two one-point functions is not
general enough to cover an arbitrary function of two
arguments, so we really need the connected term. We
can provide similar arguments for the fully relativistic
scalar field theory by splitting the classical distribution into
even and odd parts whose arbitrary initial conditions can
always be specified by providing the initial connected parts
of the two-point functions Fy, and F_ as well as F, and
Fy; to fix oscillatory behavior.®

®1t is worth pointing out that the formalism in which one uses a
single particle wave function resulting from the evolution of a
certain class of initial states may possess no classical limit in the
sense that the phase-space distribution (Wigner) function can
exhibit rapid (space and/or time) oscillations in the limit when
h — 0, thus invalidating the gradient expansion. Since the
Schrodinger equation is the nonrelativistic limit of the Klein-
Gordon equation this argument could in principle also applies to
our scalar field phase-space distribution f,. However, the
question whether a spatial gradient expansion does apply or
not is tied to the specification of the initial density matrix: it ought
to be such that it yields two-point functions that satisfy the
classicality criteria spelled out in Sec. II B.
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Finally, let us go to a coarser approximation of Eq. (73)
by pursuing the large mass limit in order to clearly see the
relation to the cold dark matter particle picture,

9 pi 0O 0 0 _

- _ Z® xiy 2 Xi p

on  ma(n) 0X' ma (1) ox! q )3175 Fom. X", p;)
x [1+ 0(83) +O(e7) + O(E%)] =0. (79)

The last equation is used for a collisionless gas in the
context of cold dark matter as for example in [2] or [39] and
is simply the nonrelativistic limit of (56),

o  pd 9 0 )
=z i 2 s X
8]’[ mcla(ﬂ) aX’ mcla(”) 8Xl G(’/I’ )a l?[
X fa(n, X/, pt) = 0. (80)

We thus conclude that collisionless dark matter obeying
a smooth phase-space distribution can always be mimicked
by a real scalar field theory based on scales where the mass
dominates. Initial nontrivial moments of the phase-space
distribution can be provided by nontrivial initial density
matrices for the connected parts of the two-point functions.
Taking moments of Eq. (79) shows that this generates in
principle an infinite hierarchy of moments.

Apart from the evolution of the phase-space distribution,
we also have to specify the FEinstein equations that
determine the gravitational potentials. The Einstein equa-
tions take a particularly convenient form if we write them in
terms of hydrodynamic quantities. To identify those is the
goal of the next section.

IV. HYDRODYNAMICS BASED ON
TWO-POINT FUNCTIONS

A. Perfect or nonperfect fluid?

A perfect fluid description is suitable for early (linear)
evolution of cold dark matter. However, it stops being
correct in the nonlinear regime, in which gravitational slip,
vorticity, and anisotropic stresses (as well as the corre-
sponding gravitational perturbations) get generated even if
they were not present initially. The question we want to
address in this subsection is whether those nonperfect fluid
components can generically be modeled with the scalar
field two-point function approach we present in this paper.
All two-point functions used to generate different compo-
nents of the energy-momentum tensor discussed in this
section are assumed to arise from suitably smeared
(classical) two-point functions (a more detailed discussion
on this important point can be found in Sec. II B). In the
above section we worked out phase-space distributions
based on real scalar field two-point functions and argued
that a nontrivial initial density matrix can give rise to a
nontrivial hierarchy of moments. We now work out how
this is reflected on the level of hydrodynamic quantities.
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In particular we argue that although the energy-momentum
tensor of the real scalar field theory has the apparent form
of the energy-momentum tensor of a perfect fluid it does
not correspond to one’

2
00 - (o d0.d) + )

= <T;w> # T;I;E

G m?
= 0,pa0,c — Y [aa¢claa¢cl + e ¢g1} . (85)

where

¢cl = <Q§> (86)

Thus, we will in general not speak of a perfect fluid in
the two-point function approach. In our scalar field model
the fundamental reason is that the statistical two-point
functions split into a reducible and an irreducible or
connected piece

<(,£()C)¢?(y)> = ¢cl(x)¢cl(y> + <q§(x)¢?(y)>connected’ (87)

where the connected piece can initially be an arbitrary
function of x’ and y in position space or equivalently of X’
and p; in Wigner space. The reducible piece is given by
the product of one-point functions. The question whether
the one-point function or the connected two-point function
or both contribute to the whole two-point function depends
on the dark matter production mechanism which is model
dependent. Here we focus our attention mainly on the
connected piece when discussing statistical two-point
functions of the scalar matter field because the scalar field
in our model (2) does not couple linearly to external

Tt is well known (see for example [40]), that the energy-
momentum tensor of a classical real scalar field theory has the
form of a perfect fluid

T;Sly = (ecl + Pcl)uzlugl + g;chl’ (81)

with the following classical energy density epg, pressure Ppg, and
four-velocity u}:

1 1
€ = _igﬂyay¢clav¢cl + §m2¢§1, (82)
P, = ! D, O Ly 83
o = _Eg u¢cl Vel _Em b3 ( )
uly = —[eq + Pa) ™ 2¢O, b (84)

This classical viewpoint, based on one-point functions, has been
exploited linearly (see e.g. [41] or [42]) in different gauges and
nonlinearly for real and complex classical fields in the longi-
tudinal gauge [3,13].
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sources, such that one-point functions are generally absent
(unless they are imposed as the initial condition as it is e.g.
done for the inflaton).

In order to make contact with a hydrodynamic descrip-
tion, we define the following energy density e and apparent
pressure P analogously to the one-point function approach:

1 PO | A

¢ = =g (0,h0.) +m ). (88)
1 YN | A

Pi= =3¢ (0,00.0) — 3 F). (39)

as well as a composite quantity containing a notion of
four-velocity,

[(e + P)uyit)com = (0,40,)
= M¢clav¢cl + <aﬂ$abq§>connected' (90)
We then have
T/w = [(e + P)uuuv]com =+ g;u/P- (91)

We stress that up to now we do not have a definition of an
irreducible four-velocity; we only have a definition of a
composite operator that will contain it.® We now make the
following identification:

0-th moment = — [(e + P)uug).om>» (92)
1-st moment = [(e + P)uu;].oms (93)
2-nd moment = [(e + P)u'u;]om. (94)

and define a quantity that we will play the role of the stress
tensor

Ojj = 5[1([(6 + P)ukuj]com - (6 + P)_l[(e + P)uoui]com
X [(e + P)uouj]com' (95)

We will see below that these identifications are justified
based on the continuity and Euler equation. We find
neglecting contributions of the metric

A

[(€ + Pt tgleom (X) ~ (IP(X)), (96)
[(6 + P)uoui]com(X)

~| (Gor-or) o g -rion| o)

r=0

¥We remark that composite fluid quantities can also arise from
genuine perfect fluids by introducing a smoothing scale [43].
However, this origin is conceptually different from the connected
two-point function approach we are advertising here.
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[(6 + P)uiuj]com(x)

~ | (Gorex - o) g+ rrpdx - 2

r=0
(98)

Since the various two-point functions appearing can be
independently specified, we conclude that the composite
four-velocity objects that we are referring to as moments
are independent. One might object that the equations of
motion enforce certain two-point functions to be propor-
tional to other ones in the classical limit where higher-time
derivatives or spatial derivatives are small. Indeed this is the
case as we find in Eq. (37). So to lowest order in the
gradient expansion in the parameters (15) to (19) we find

A

[(e + P)ulug)eom (X) & m?(¢*(X)), (99)

[(6 + P)uoui]com<X)
R O((X + r/2)p(X = r/2)) = (r = =1)],—p, (100)

[(e + P)u'tt)]com(X) = DO (B(X + 1/2)(X = 1/2))], o,

(101)
or in using the notion of Sec. II
[(e + P)uug)com (X) = m*[Foo(X. 7)],o.  (102)
[(e + P)u’ui]com (X) m OF[F_(X,1],—y,  (103)
[(€ + P)u'tt}]om(X) = 0505 [Foo(X. 1)],—g.  (104)

Thus, in the classical limit even moments in Wigner
momentum space will be related to even numbers of 7’
derivatives of the scalar field two-point function Foo (X", /)
evaluated at zero whereas for odd moments the same is true
for odd numbers of 7 derivatives of the function F_(X', r'),
the two-point functions we already identified as phase-
space densities on the previous section. The zeroth and the
second moment are the first two nonvanishing Taylor
coefficients of the arbitrary function Fyy(X?, /) and are
thus independent. The function Foy(X', /) is arbitrary
since its connected part can be freely specified by the
initial density matrix. In other words, the stress tensor o; j 18
completely generic and not only related to spatial X'
derivatives of the zeroth moments as it would be the case
for one-point functions or classical real scalar fields. In
particular, it may contain an additional contribution to the
pressure on top of the apparent pressure P we defined in
(89). But not only this, we realize that the first moment
shows that we can specify a nonvanishing vorticity even at
early times in linear perturbation theory since we have
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0 [ 0

~ pijk
X~ o Lo

peik — F_(X, r)] #0. (105)

X / r=0

In (92) to (94) we labeled components of the composite
energy-momentum tensor as moments such that we are
interpreting them as rest-mass density, momentum den-
sities, and stress tensor of particles in a certain non-
relativistic limit. One might worry that this fluid picture
does not hold since we do not have a conserved rest-mass
density. However, as we show in Appendix C, local energy-
|
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and momentum-conservation reduce to the familiar con-
tinuity and Euler equation in an expanding universe in the
limit of small pressure, weak gravitational fields, and small
velocity. This holds for every energy-momentum tensor
of the form (91). In particular it holds for the real scalar
field energy-momentum tensor. Identifying energy density,
apparent pressure and composite velocities in terms of
the Wigner transformed two-point functions will allow us
to reformulate the aforementioned nonrelativistic limits
clearly as a large mass limit. We find

m2 — ) ax — ) AX —
¢=77fw—a I[‘DG — (D =3)¥;]0xFopo —a™*[1 + N’G}TFOO
D-2 o !
+5a7P[1 = @6+ (D= 1)¥g] (1 =@ — (D - 1)¥5)Fy (106)
|
For the apparent pressure P we get then We identify m?F, as the rest-mass density in the particle
picture and remark that it is consistent with the lowest-order
pP— % aP[l —dg + (D — 1)¥] expression we get in the phase-space language,
aP~? — 1 : m— : m? . R .
x| =5 (1 =@ = (D= 1)¥6)Fy p(n. X") =m [PFoo(n,X’)] =27 (0. X")g(n. X))
0 - . :
- a2 (@ - (D = 3)¥6]0xFoo = [ P pr X . X
A
21+ 2%] 5 Fon, (107) x [+ O(gp)]. (108)
and we realize that the choice of our perturbation param- With this definition we have
eters in (15) to (19) amounts to having a small apparent
pressure. We note that the apparent pressure is due to the e=p+P, (109)
fundamental field theory we started with, i.e. it is built
out of wave phenomena rather than particle phenomena.  as well as
|
72 P2 /
P =zl = @+ (D= 2] |[* - (1= @6 - (D= 1)¥e)p
L [®; — (D —3)¥] 0 " [1+42%5]A (110)
CAmPa? oxk T C oxkP ” 4ma? aloxp-
The composite fluid-four velocity quantities evaluate to
dD lp D h2
Ke + P)”OM ]com - _a_(D_z)[l + (I)G + (D - I)TG] / (2 h)D [ -+ 4m [1 + (I)G + ( - 1)lPG]
0
x o[l = @G = (D= 1)%g)o) (111)
as well as
0 d”'p pip;
[(‘3 + P)”l”}]com = Tij _gijP = TM@X’@X’"D + / (Zﬂh)D‘l n2 Fp. (112)

Note that we consistently find
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[(e+ P)uug|oon = To— P = —[e + P +[(e+ P)u'u

i]com} .

(113)

Late us now return to the scheme we presented (93) to (94)
by applying the definition of the scalar field phase-space
distribution we worked out in (72). We find in the large
mass limit

—[(e + P)u’ug) o= 0-th moment

m/dD‘lpfw‘”z%p, (114)
[(e + P)u’u;] o= 1-st moment
-1, Pi -
m/dD IPqus}’ 1/2, (115)

[(e + P)u;u;] o= 2-nd moment

_1. DPiDj _
m/dD ]pm—zjf¢y 12, (116)
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and thus the stress tensor,
o~ /dD 1P5k—f¢7’_1/2

m’ pi, _ P,
—[/dD“hW ‘/2] [/dD Pt fyr ‘/2},
P m m

(117)

is an arbitrary quantity since the phase-space distribution [,
can freely be specified via the initial density matrix. This is
just a different way of phrasing the independence of moments
in position space as we did in (99) to (101). We underpin again
that this is even valid on scales where ma > Oy where there is
no quantum pressure term involved yet.

B. Einstein equations

Having identified hydrodynamic variables in the last
section, we would like to express the Einstein equations in
terms of these variables. We find

1 n
Gon =5 (D = 1)(D =21 + (D = 2)A¥G = (D = 1)(D = DH¥; = < [1 + 206 + 2gle + [(e + Pt

P

(118)
0 ., 0 h
G = (D =2) ¥ + (D = 2)H 52 = (e + Pt (119)
! 1 2 " 2
+ (D =2)2H + (D = 3)H?*|(®g + ¥5) + (D — 2)7-{[ G+ (D —2)¥;]
h 1 .
= Cl W |:P +ﬁ[(e + P)Mlui]com s (120)
[
energy-momentum conservation. We combine this set of
AxG 8, — G four redundant Einstein equations into two independent
D-1" ! ones that express the gravitational potentials in terms of the
_ [ A 5 — 0.0 ] (@ — (D —3)¥,)] hydrodynamic fields. For the Hubble rate we find
D—1"4 —UiYy G~ - G
h [(6 + P)ukuk]com l — - 2
7_W [Tél_[(e+P)ulu]]Com 2(D 1)( Z)H
’ h
(121) :azM—%<e+5”[(e+P)u u]]com)zpc,\yc

In particular, the last equation shows that the gravitational ~ a® %( )%‘TG, (122)

slip is sourced by terms nonlinear in the fluid velocities Mp

and should be taken into account for higher-order correc-
tions. We also remind the reader that the spatial Einstein
equations with neglected gravitons can be obtained from
the temporal equations via the Bianchi identity and the

where we remark that the expectation value here is taken
with respect to the stochastic variables ®; and ¥; that are
taken to be Gaussian. Together with the approximated
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dynamical matter equations we recover the usual behavior
of the scalar factor of the cold dark matter scenario. The
gravitational potentials themselves are determined by

Ax[Ax¥s — (D= 1)(D = 2)H*¥]
a’ h

= D 2M—%’[Axe + 5iij[<e + P)l/lluj]

com

+H(D-1) 0

aXl‘ [(6 + P)uiuﬂ]com]’ (123)

A% [@g — (D - 3)¥g]

hl.. A
=a?— |61 —2_[(e + P)uju;].op,
My | D=2 Jee
D-1 &

—mm[(e + P)ujttj]com |-

(124)

One has to be aware that the hydrodynamic fields, if
again expressed in terms of two-point functions, still
contain the gravitational potentials but only with spatial
derivatives. These terms can however be neglected for a
leading-order approximation in the large mass limit. We
clearly see that the gravitational fields enter our calculation
|

Ill(e + P)ulug) o + Pl + [1 = @g + (D = 1)¥5]0[[1 + PG — (D
+ (D = D)[H = ¥;][(e + P)ulug)eom — [H — Y5 ][(e + P)ukug] com

PHYSICAL REVIEW D 96, 083504 (2017)

as nondynamical constraint fields, which was of course
expected. Again, using our approximation we see that we
recover the Poisson equation on subhorizon scales

a h

Ax¥e ~ D=2 [p = (P)og.w,)- (125)

We also see that the gravitational slip is of higher order.

C. Continuity and Euler equation
for real scalar field fluid

In this section we want to derive nonlinear equations
for the real scalar field fluid based on our two-point
function approach. These equations are identical to local
energy and momentum conservation and can be derived in
a much more general setting as we show it in Appendix C.
However, as a consistency check, we want to explicitly use
the dynamical equations for the two-point functions of the
first part of the paper. The computation may be found in
Appendix D. We obtain two differential equations for
composite operators that are exact up to the linearization
in the gravitational potentials and that correspond to the
Euler and continuity equation

- I)TGH(e + P)ukuﬂ]com]
—0, (126)

8}1[<e + P>u0ui]c0m + 6k[(e + P)ukui]com + atP + [DH + q)lG - (D - 1)TIGH(6 + P>u0ui]com

+ [8kq)G - (D - 1)8kquM(€ + P>ukui]c0m - 81'(I)G[<e + P)MOMO]com + 8ilPG[(e + P)ukuk]corn =0.

We want to see the nonrelativistic limit of these equations.
With the definition of the rest-mass density in (108) which
yields (P < e)

p=e—Pre+Pr—[(e+ P)ulu P, (128)

com

we also need to define the proper fluid velocity

Ui = _p_l [1 + lI’G + q)GH(e + P)uiMO]com
x [1 4 (e + P)™'[(e + P)uFuy] oom] '/ (129)

and expand the composite term including spatial velocities
in terms of the stress tensor as we did in (95). We find
approximately

2

) i, h
[(e + P)Mll/lk]com ~ oY ij +,0 . ’Uj * U + 4m2a2 ajakp .

(130)

(127)

We now have all ingredients to approximate Eqs. (126)
to (127) as the nonrelativistic continuity equation in an
FLRW universe

O+ (D—1)Hp+ 9;[p- ']~ 0, (131)
and generalized Euler equation
dylp - v'] + DHlp - v'] + p0,g
+ 0y 5i15kmaj,,, +p-vt- ok
n? . .
— i [6*(D — 2)HO,p + 5%03p] | #0.  (132)

The higher time derivatives are the only terms remaining
from the apparent pressure P. We remark that Eq. (132)
generalizes the usual form of the classical nonlinear scalar
field dark matter equations as stated, for example, in [3]
or [4] by first, a stress tensor that can be specified in
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accordance with inflationary predictions at initial times and
which is not only given in terms of a quantum pressure9
and second, a fluid velocity which generically allows for
nonvanishing vorticity as was pointed out in Sec. IVA. As
we pointed out earlier, the perfect fluid description is a
suitable one at early times for linear evolution. However,
nonlinear evolution generates nonvanishing stresses and
vorticity although they are negligibly small initially. Our
model is capable of capturing these contributions that get
more and more important at late times, i.e. in the nonlinear
regime.

V. INITIAL CONDITIONS

We derived the correspondence between the approxi-
mated dynamics of the scalar field phase-space distribution
fy and a classical one-particle phase-space distribution
in the cold dark matter scenario. Before exploiting this
correspondence in a more detailed analysis, one would
have to specify initial conditions as well. A typical
assumption within the nonrelativistic regime is that only
the first two moments of the phase distribution are present
initially, although higher moments will be generated at late
times in the nonlinear regime

Xk
00 py) 2D 120501, = 6y
m

< [1=PE (X)) [ (X9)). (133)

such that the initial physical rest-mass density is given by

ini 2 ini
PO g6 [ pp Ot ). (134
whereas the initial physical momentum density equals

inif,,inili ij - ini -1/2
P[] (XF) & ST a1+ Wil (X0 ]y (XF)

1[11

X/dD“ppj ini(Xk, py). (135)

Higher-order cumulants and thus the stress tensor are
absent initially. We transfer this setting to the scalar
field phase-space density and make use of the large
mass approximation used in the cold dark matter kinetic
equation (80),

» 12 xk
T (X5, pi) = pini (X¥) Vi ( )50_1
m

(= et P (XY
(pl X ) (136)

9 . .
The quantum pressure term for a pure one-point function
approach may be recovered from the stress o;;.
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We rewrote the initial phase-space density such that we can
relate it easier to the gravitational potentials and the scale
factor, i.e. the metric constraint fields that contain initially
the information from previous regimes in the cosmological
evolution due to their relation to other matter that were
dominant in those. Using the Einstein equations from
Sec. IV B, we have

1 p)

D —2M?
~—2—”y:n<2<xk>[ Ly, 4 a ‘P““(Xk)}

~
ma;. h

D—1
X & (Pi — Mdipi

2 aicbz?(xk))’ )

D-1 Hini

where we are sticking to the typical setup in which the
gravitational potentials are initially constant and the
decaying mode is neglected. The gravitational slip is
initially also equal to zero within cosmological perturbation
theory; however, we keep it here to illustrate that the
potential ¥ is sourced by the density perturbation whereas
the potential @ is to source to leading order by the velocity
perturbation. We split (137) into even and odd parts in order
to be able to write down initial conditions for the scalar
field two-point functions. We find

Fgoi(Xk’Pl)
D-2 M2

22
2 mfag

i i 2 magy, ri8-<I>i“i(Xk)
D—1 —Lp;r ni 1 =G
X / d" " 're cos <D 1 % o

~h

D — -
|: 2 H12m + AXlPlgl(Xk):|

(138)
and

P )

D -2 M2

1/2

~ ’m7m/1 (Xk) 2 mldl.
1n1

2 . ia'q)ini Xk
/dD Lre=ipir sm( _lm;ll,mr ZH(:ni( )>

22+ ace ()

(139)

Carrying out the linearization in the gravitational potentials,
these expressions reduce to

D-2 M2 D —
2 m2a2 2 H12m + A ‘le(Xk>

bez)l(Xk’ pl) ~h

x (2zh)P=162=1(p)), (140)
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. D—-2H,. .M% O
Fini(Xk p))~ —maPr! — P
( pl) malm 2 mdaiyg (9X’

x ©I(XK)(2zh)P-! 8i5D_1(pl). (141)
p<

1

We perform a Wigner transformation to obtain the corre-
lators in coordinate space

ini D_ZM%’ n?
i T N
D—1 o ()
5 ¢ mv (22)].
(142)
iy D -2 M>
Fi(xk vyl » ial) > Hipg 5 7})
i it ()
<oy (S50) sy

As we found out earlier, we can express the remaining
two-point functions £, and F; in terms of Fy, and F_
[see (36) to (37)],

N i _ 1y
F$1(xk’ yl) ~ —aﬁi zHini 4 7m2a,2 2 Hizni

ini

D-2M% R’ [(D

+[(D = DAYE + ADY] <(x+—y>k>] :

2
(144)
- D-2 M3 [D -1
) w22 a2 122,
k
N7 (—(x 5 ) )] (145)

We have now specified all ingredients of a Gaussian initial
density matrix for the real scalar field theory we started
with in the beginning. Note that this is a very choice that
maps on an initially perfect fluid. We could as well have
taken into account higher cumulants in momentum space.

VI. CONCLUSION

In this work we developed a formalism for the dynamics
of dark matter in which we started with a tree-level
relativistic action for a real scalar field and obtained an
effective action description that includes leading-order
interactions mediated by gravity. Our formalism is relativ-
istic, in that it allows for a systematic inclusion of both
relativistic matter field effects as well as relativistic
gravitational effects. The nonrelativistic limit of our
dynamical equations could be obtained from a second
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quantized scalar field formalism akin to the one used in
condensed matter literature. However, since we are, in
particular, interested in capturing relativistic corrections (that
can be important in the gravitational sector when one is
interested in the scales comparable to the Hubble scale and in
the matter sector e.g. when the scalar field is ultralight),
using such a formalism would restrict its validity too much.

Furthermore, we identify a phase-space distribution f
based on four on-shell, equal-time real scalar field stat-
istical two-point functions (72). The statistical two-
point functions obey a system of first-order differential
equations that closes because we first neglected manifest
self-interactions of the matter field and the dynamical
gravitational fields and second, did not integrate out the
gravitational constraint fields. In the language of Feynman
diagrams this amounts to approximating loop contributions
with external sources whose evolution is determined by the
semiclassical Einstein equation. The evolution of the phase-
space distribution f, is determined by a generalized Vlasov
equation including relativistic corrections, third-order time
derivatives, and corrections in a gradient expansion (73).
Dropping the third-order time derivatives as small correc-
tions reduces the degrees of freedom to those of classical
one-particle phase-space distribution. The statistical two-
point functions of the scalar matter field entering the
definition of f, are evaluated with respect to an initial
density matrix and thus have generically reducible and
connected pieces; in other words they contain a part given
by one-point functions or classical fields. Focusing on the
connected piece of the statistical matter two-point function
makes the major distinction from previous approaches of
modeling real scalar field fluids that focused on one-point
functions. The reason is that it allows for generic initial
conditions in two arguments without coarse graining, either
in position space or in Wigner space which then translates
into a hierarchy of nonrelated moments in momentum
space and, in particular, enables us to model a fluid that
generically can include vorticity and anisotropy (95). At the
level of hydrodynamics we realized this by facing what
we called a composite term that, written as fluid quantities,
reduces into products of velocities and an irreducible piece
(87) comprising a stress tensor. We derived nonlinear
imperfect hydrodynamic equations (131) and (132) from
the integrated system of statistical matter two-point func-
tions that are exact up the linearized scalar metric with
which we worked.

We note that using statistical two-point functions from
the beginning allows us to treat gravity on a semiclassical
level where we introduced linearized stochastic gravita-
tional potentials that couple to the statistical two-point
functions and thereby make the phase-space distribution f,
stochastic. This is what we call the hybrid approach and it
bridges the gap to cosmological perturbation theory since
we now can calculate in a second step two-point function
with respect to the gravitational potentials. The Einstein
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equations relating them were derived in Sec. IV B. We also
provided initial conditions for the statistical matter two-
point functions and thus provided all ingredients to treat
this problem with nonequilibrium quantum field theory
techniques like the Schwinger-Keldysh formalism which
we intend to do in the future.

We once more remark that—to model dark matter on
nonlinear scales at late times—it is necessary to go beyond
the perfect fluid approximation. The perfect fluid descrip-
tion is valid only in the linear regime which is reflected in
the initial conditions and breaks down on scales k > k,,; ~
0.3 Mpc~! primarily due to shell crossing and generation of
other types of perturbations that in the nonlinear regime get
dynamically generated. These perturbations include gravi-
tational slip, vector and tensor metric perturbations, as well
as vorticity and anisotropic stresses at the matter side.
Except for vector and tensor metric perturbations, all of
these can be consistently treated in our formalism, which
models dark matter by utilizing statistical (Hadamard) two-
point functions. In future work we intend to go beyond this
hybrid approach, including a full nonlinear treatment of
gravity that is not restricted to the Newtonian gauge.
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—ﬁaz[l + (I)G(Xl) - (D

+ [a=P2F (X, p)e 001 4 Og(XT) + (D
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APPENDIX A: WIGNER TRANSFORMATION
OF TWO-POINT FUNCTION DYNAMICS

In this appendix we drop the ubiquitous # dependence to
save some space. We define the following operator:

[F(X1 )] Bx - B, [9(X'. py)]
- [ oo [

By using partial integration, one can show that the
following relation holds up to boundary terms:

(A1)

/dD Hx = X)einid =+ /dD‘le(xi,Zi)B(Zi,ii)

=A(X', Pi)ei%(a}'a;_a;'a;)B(Xi, p;) + boundary terms.
(A2)

Using the definition
p2 = 5ijpipj (AS)

we rewrite Eqgs. (27)—(30) in Wigner space in the follow-
ing way:

iga;'E);F1o(Xi, pi)

+ Foi (X, py)e™ 8 0x[1 4+ g (XT) + (D — 1) (X)), (A4)
F2196(X) = (D= (X |12 4 i8] (022 x|
PN 2
1400 - (D= 3] [ 412 oy =P |02l |

— )W (X)]e BT [aP2 o (X1, py)

— 1)¥6(X7)], (AS)

[@6(X') — (D - 3)¥6(X)]
+{[ﬂ—i£~a —p—z] [aP2F o) (X 4)}e—i%07»~01{1+q> (X)) = (D = 3)%s(X1)}
X~ 00 » Pi G G

[P F o) (X1, p,)e 8 [1 + D (XT) = (D — 1)¥6(X)]

= (X)W a P E (X, p). (A6)

+[1+®s(X") + (D
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e @) = (D =¥ 5|28 i8] oy 1 )

—|—{1+<I>G(Xi)—(D—S)‘I‘G(X")}eiga}@;{{A4 +i—-0x — hz]Fm(x p)}

2

a~P2F| (X, p;) =

@[l + g (XT) = (D — 1)¥6(X))|ex 0 Foy (X', p;)

h2
g 1 Pt ) b ) - (0= 30
2 - -
i o0 B P ) fe ¥ (14 () - (D - 3)6(x)
m2 . Pl . .
R P (X p)e ST 4 @(X1) — (D~ 1)¥(x')]. (A7)

By using the definitions (34) and (35), we get the following system of equations:
. . ne- - .
al=2F (X1, pi) = 2[1 + ®6(XT) + (D — 1)¥5(X)] cos [Eax . 5‘,,} F (X', pi)

+2[®;(XT) + (D = 1)Pg(X1)] sin E Dy - a;} F_(X', p)). (A8)

P ) = 7 @(X) = (D = 31¥(X) cos 505 - 3| 3 a2l ¢ )

ox* 20Xk

(1 +0600) = (0 - 3)80) cos[23y- 33 { [32 - L] a2l )

- [@6(X') = (0 = 3¥e(xsin 5 -0, {2 oxtaP 2l X' o)}

0
- ox*

-1+ @) = (D = ¥ cos| 5 - | [P Fucl(x' )

[9(X) - (0= 3¥6(Xsin| 3053, - {2 >=Flix' )}

+ 14+ Dg(X) + (D = 1)%6(X)] cos E Dy - aj,} [~ P-DF (X, p)). (A9)

PO i) = = (X = (D = )X sin[ 365 3| 3 2 a2l

oOX*

- [@6(x) = (0= 3)¥o(x3)sin[ 23,3, { [32 - L] wPFul )

- [+ @6(X') = (0 = 3¥6(x)cos 5.3y, | { £ oxlaP el )

0
 oxk

e G(XY) = (D = 1)¥o(X]sin 3y 0, P Forl (X' i)+ [0 + (D = ¥ (X)

[@(X) = (D = 3)¥(X ) cos| 35 | - [P P2 Fucl(x'. )

n

X sin E’ Oy - aj,] [a=P-DF (X, p)). (A10)
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' m2 _ A« - .
P (X ) = =2 1+ (X = (D = DX os 5y -0, | £ (X )

2 , : h - .
+27 @[l + B (XT) — (D — 1)Wg(X7)] sin {zax : ap] F_(X', p,)

h
#2(1+0600) = (D= 3o cos 3313, { 5= 2] 7.0
- 2{06(x) = (0= 360} sn 5 33] { [32 -2 -
200X - (0= 3¥o(X)sin 23y -3, | {200 (6 )}

- 2{1 4+ @6(X) = (D= )X oos[3 015, {2 00 ,,,.>}
+ Lo @0 =0 - 3pwex] Leos 3 3] - {2

- { e @ox) = 0= 3w6x] psin S, | {0 -

~2f 2 o) - (0 = 3] fsin 33y 7| {’;
{P

0 .
2{ [@g(X) — (D—3)‘PG(X’)]}COS }
For later discussion, we remark the following important equal time properties:

oxk
i 1 D—1 .. —ip.pi N i ri n i ri i
FOO(X»pi)_E/d re=ibi p| X +3 S p| X ) = Foo(X', =pi), (A12)

=4 oo (e 2) =)~ (o5 (- )

(Al1)

v
v}
)
i)

=—F_(X',—p,), -
/ dP-1p [ [Foo(X', pi) = 0 -
W Py Py [ 00X pi) =0,
D-1
/#[pk""pkzn]F—<X’?pi) =0. (A15)

These equations tell us that Fy is even in p; and that F_ is odd in p;. After an appropriate rescaling that also accounts for
the right dimensions, these two quantities will play the role of even and odd phase-space densities.

2

1. Phase-space dynamics including e%l and eﬁl - €, corrections

In this section we want to manipulate the unintegrated dynamical equations for these two-point functions to see
whether we can reproduce equations that mimic the Vlasov equation. First, write down the phase-space dynamics
perturbatively including &7 that correspond to the next order in the gradient expansion we described in Sec. II B. We
also include for illustration & - s§ corrections that result from multiplying terms of the gradient expansion with the
gravitational potentials,
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nr o 0?

D-2rr __ _ _ —
0 0 1 o3 o3
h [0)) D—-1)¥.|— Y/ ——— ) D-1)W.,|——F Al6
R Pa (D= ¥l Fo = axioxioxt (Dot P~ ¥l G g fer (A16)
. 10 d ., Ax Pl b
Pl = 5 505 %0 = (D= 3%l 25 [0 2Fonl + [1 0 = (0= 32|55~ | 0ol
1> P o 10 O, 0
+§m[‘1’6 —(D=3)¥] OpoD; [p*[aP=*Fyol] T3 oxk [@; — (D - 3)‘I'G]a—pk {P B5a a Foo]]
1 9 0 B m? _
_EW[QG — (D -3)¥] ap, [p*[aP=2F ] 2 (14 @ — (D = 1)¥][aP > Fy
ma>  O? o?
3 W[QG—(D—U‘PG] 990, [aP~2F o] + [1 + @ + (D = 1)¥][a" P~V Fyy]
nr o2 0?
_———[® D-1)¥ -0 Al
8 OXIOX/ [ G + ( ) G} 8P,ap, [a 11]’ ( 7)
Fom PPy (-3 L arh) -1 ey — (- 3ywe) 2 [ [Ar - 2] a2y
T 4oxtoxitC % op.0X* 008 gxk e Cop |4 R 00
oo o pe O
Y ;= (D=3 ———[p2[aP2F ]| = [1 + B — (D — 3)W | EE—_[4P2F
48 anaXlan [ G ( 3) G] apkaplapl p [a 00“ [ + G~ ( 3) G] h Xk [a 00]

h 0? H? 0 1 m? 0 0
by — (D=3~ | pp—r [aP2F ——2 O — (D —1)¥ D2
5 %~ (0= 3%l oo i a2l | 4 55 (0= (0= 1)) (a2

o3 o3 1 8 0
P A A —(p-2)
- 31673[@ +(D-1)¥ ]L[a‘(D‘Z)F ] (A18)
48 9Xi0XIoX*k ¢ “ 9p,0p0p; "
—(D- m? 1 52 &
a- P2 Fy, :—2ﬁ‘12[1+®c (D _I)TG]F++ m? zax,axj [CDG_(D_I)TG}apiaij-Q-

ol g — (D=3 |2 e P e o)=L F)
G Al Tl T aoxioxi O “opiop; "

el 0= 3wl L [[B D | - oo (0=l L]

X O 72 24 OXTOXIOX" Bp:0p;0ps
~ 5336 = (D=3l 5[+ 04F | =201 + 0 = (D=3)¥] 7 OxF-
i g B~ (0=l g O]+ 0 0= (D=3l
i B0~ (D=3l S (06— (D3] ik
~2- 0000 = (D= Tl + o 0 (0= 3Vl 5 Vo P
;az af;_ (g — (D — 1)¥] 6‘?91 F_—hma 21418)(18‘2;6)(,([¢ - (D - UlPG]ap,-Ef;jaka‘

(A19)

083504-23



PAVEL FRIEDRICH and TOMISLAV PROKOPEC PHYSICAL REVIEW D 96, 083504 (2017)

2. Phase-space dynamics including &7 but dropping ¢ - €2 corrections

Let us further drop the & ~e§ corrections, which is at least naively consistent with our linearization in gravity, i.e.
consistent with not keeping e‘g‘ terms as we did from the very beginning of this paper. We do not expect the corrections s%
from the gradient expansion to become important unless we have a very light scalar field (m ~ 107> eV) as pointed out in
Sec. I B which is considered an extreme case. Thus, for typical masses at scales ZeV, the following equations are perfectly

accurate and we will even drop the 2 corrections when discussing them further in the main text:

0 0
aP 2y =214 @ + (D= D¥GIFo 4 R (@6 + (D= 1)¥] 5 (A20)
, _Axpo P’ D=2 m’ 2 D-2
F, = T[a Foo] —ﬁ[l + @ — (D — 3)¥][a”~*Fy) 5z [1+®g — (D - 1)¥s][a’*Fy)
+[1+ @6 + (D - 1)¥s][a" P Fyy], (A21)
, 1 8 a 21 D=2 P D-2
FL = 2 IXF [@; — (D - 3)¥] o [p*[aP*F )] — 7 Ox[®@¢ — (D = 3)¥][a”~*F o)
pr O _ Im> , 9 0 -
— [l + @~ (D -3)¥] #W [aP=2F o] + 5702 X [@; — (D —1)¥(] ap, [aP=2F )]
g @G+ (D~ ¥ [PV (a22)
28X’ 3]9, ’
m2 AX p2
a PR = —2ﬁa2[1 +®;— (D - 1)¥YG]F, + - Fi- 2? 14+ ®g— (D -3)¥s]F.
1 0 0 P
+ 7 OXF [®; — (D —3)¥] 8—]7k [p?F_] =2[1 + ®; — (D - 3)¥4] 7 OxF_
)
p m*a= 0 0
~ 20 04[0 — (D = 3)¥lF- + " @G — (D~ 1)¥] 5 F (A23)
|
APPENDIX B: EINSTEIN EQUATIONS Fg() =H+ D, (B4)
IN LONGITUDINAL GAUGE
WITH SCALAR PERTURBATIONS ng — 9,®, (B 5)

The dynamical equations of the previous section are
supplemented by the Finstein equations. Since we i sijy.
neglected gravitons with the choice of our metric, the Foo = 370;%. (B6)
Einstein equations are constraint equations that will deter-
mine the gravitational potentials in terms of two-point
functions of the scalar field and thereby induce nonlinear

interactions. We write down the metric in this gauge F;'o = Héfj — lP’G(Sij, (B8)
> ) = —a? 1 20 s i 5 i i i i
gOO(’/I x.) 2a (’1)[ + G(’] X )] ij = —BJ‘I‘G(S k= ak\Pcéj + 81‘1‘05 Iéjk. (Bg)
gij(’/I’xl) =a (77)51‘1[1 =2%6(n,x")], (B1)

We have the temporal Ricci tensor components

9% (0, x") = —a=*(n)[1 = 206 (n, x')].
0. x) = a1 + 296(n. ). (B2)  Rw=—(D=DHFAd + (D -1)¥g
+ (D - 1)YH[®; + Y], (B10)
V=9, x") = aP ()1 + @g(n, x7) = (D = 1)¥(n, x")].
(B3) Roi =(D =2)0,¥; + (D —2)HO, @6, (B11)
Let us collect the linearized connection coefficients in
longitudinal gauge as well as the purely spatial part
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+ A5, — (W5 +2(D - 2)H? (g + ¥6)
+ 2H (@G + ¥g) + HO[; + (2D — 3)HY}]5;;.
(B12)
This leaves us with
a’R = (D - 1)[2H' + (D = 2)H?] = 2Ad,

+ (2D —4)A¥; —2(D - 1)¥%,
—2(D - 1)®s[2H + (D — 2)H?]
—2(D = 1)H®; —2(D — 1)*HY. (B13)

The 00 and 07 components of the linearized Einstein tensor
then read

Gy = %(D - 1)(D-2)H*+ (D —2)A%;
—(D-1)(D -2)HY,, (B14)
Gy =(D —2)0,¥,; + (D —2)HO;®;.  (BIS)

The ij components of the linearized Einstein tensor read

G” = —

(D -2)H' +%(D -2)(D -3)H?*|5

+ (D - 2)‘{"&5,']' + A[D; —
— 0,0;[®¢ — (D - 3)¥]
+[(D-2)2H + (D - 3)7‘(2](@6 + %)
+ (D = 2)H[®G + (D - 2)¥]]5;;

(D —3)¥sl5;

(B16)

The energy-momentum tensor operator of the scalar field
theory is given by

g;w

T = 0,00,0 — " | P0.H0sh + "5 2 ¢ (B17)

The composite operator (B17) needs to be renormalized by
introducing on the gravity side higher-order geometrical
counterterms (R?, square of the Weyl tensor, Gauss-Bonnet
term) as well as lower order geometrical counterterms
containing a bare Newton constant and a bare cosmological
constant such that after substraction of UV divergencies we
are left with the observable values of the renormalized
Newton constant and the renormalized cosmological con-
stant [44]. Contributions of the renormalized higher-order
geometrical terms are completely irrelevant for the studies
of large scale structures. Regularizing the two-point func-
tions contained in the energy-momentum tensor (B17) is
related to the conditions we spelled out in (12). In order to
regularize the two-point functions we will split them into
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infrared and ultraviolet parts by introducing a cutoff in such
a way that the conditions (12) can be satisfied up to that
cutoff. However, for the scope of this paper we will not
have to worry more about renormalization issues.

The semiclassical Einstein equation relates the gravita-
tional potentials to two-point functions of the scalar field in
the coincidence limit

h noo.
G;w M2 T;w M—%) <T/w>' (BIS)

Let us see how this works by looking at the purely temporal
equation. We find (suppressing the time dependence in the
argument)

Goo(X') = %(D —1)(D=2)H? + (D = 2)A¥;(X)

—(D-1)(D=-2)HY;(X") = %

P

(Too (X)),
(B19)
where in our scalar field model

Too(X') = Do (X)) 2ub(X') =2 [P (X' ) Dpgb(X')

2
+ PP + %é(xf)&(xfn,

| 1 ,
— 3@ (XNF (X7) + S [1 + 206(X)
+ 2% (X)) (X)) (X
a’ am? o
+ o [1+206(X)] 257 (X)(X).  (B20)
and thus taking expectation values yields
R . 1 . .
(Too(X')) = EG_Z(D_Z)FH (X)[1 +206(X")
. 1 .
+2(D-1)¥Y5(X")] + 3 [142®s(X")
(R .
+2¥6(X")] yu 97 | Foo(X', r")
r'=0
1 m?a? N v
57 [+ 206X Fop (X,
where
Foo(Xi) = Foo(Xi, ri = 0) (le)
For the 0i equations we get
oA
P
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For the ij components of the energy-momentum tensor we get

A A A l A 1 ~ A 2 2 ~
T = 0190 +3[1 =206 + ¥o)| (B8 = 5 0udrdsy; =5~ 1 = 2961475, (B23)
Projecting on the trace-free part we get
A D0 q’)
510500y (@0 - (D - 3)%d] = (00 L) (B24)
The equation for the trace reads
Gi / _1 _ _ 2 _ y D=2 _ _
Dol —(D-2)H 3 (D=2)(D-3)H*+ (D -2)¥; +D | A[D; — (D - 3)¥Y5]
+ (D =2)2H + (D = 3)H*(P; + ¥5) + (D — 2)H[DP,; + (D —2) Y]
h N D-3 R
— sarz {11~ 200 + V(@ P - D25 @udoud) - w206 | (B25)
P

We rewrite all Einstein equations in terms of the two-point functions Fyy, F,, F_, and Fy;:
/ 1 2 " D-2
- (D-2)H - E(D -2)(D-3)H*+ (D -2)¥Y; + ﬁA[CDG — (D =-3)¥%;]
+ (D =2)2H + (D = 3)H?|(®g + ¥g) + (D = 2)H[Df; + (D — 2)¥]

{[1+2(D 2)¥;)] a2 P2DF ] - D—_3Kﬂ—A)Foo]rzo—ﬁfz[l—TPG]Foo} (B26)

T 2M3 D—1[\4 h
1
5(D —1)(D =2)H?+ (D = 2)A¥; — (D — 1)(D — 2)H¥,;

h ) awo Ax
=21 Fii[1 4206 +2(D = 1)¥6] + [1 + 206(X) + 2¥5(X)] 2~ A Foo
P r=0
m2
+ azﬁ[l +2CDG]F00 s (B27)

P

i_XX _ _ _haf{aler_er_rr_éi 5

r=0
(B29)
1. Eliminating the two-point functions F, and F;; from energy-momentum tensor
Let us set
Ty = (Th). (B30)

By integrating the dynamical matter equations over the momenta we can rewrite the energy-momentum tensor in such a way
that it only depends on the two-point functions F, and F_. We first get

a7 Fy(X7) = 2[1 + @6(X) + (D = 1)P6(X)]F,.(X7), (B31)
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0 10

FlL(X) = 5 7 [06(X) = (D = 3)¥6(X)] 5 5 7 [aP 2 Fg] (X)
D—1 2
11+ 0600 = (0 = 3%6(x] [ B { |5 = e a2l |
- 25 @14+ @G (XY) = (D = 1)¥6 (X)) [aP2Fop) (X') + [1 4+ @G (X') + (D = D¥(X)][a= P Fy ] (X)),
(B32)
and thus
m? - . ‘ . .
Fii(x) = 25 a?P0[1 = 2(D = )W (X)) Foo(X') + %a’”[l — ®g(X') — (D — 1)¥6(X))][aP2[1 — D (X)
— (D = DG P (X)) = P 2 [0(0x) = (D = 3)¥ (X)) 3 = Fop(X)
— 2D [ Z2(D = 2)W(X)] /(;zmﬁ { h’( 22] Foo(X', p; )} (B33)
We plug this expression into the energy-momentum tensor and get
Too(X') = "3 [1 4+ 206(X) Foo(X') + a= P21+ Dg(X') + (D — 1)¥6(X')]
abP-? . o . L .
x | [1 = @G (x7) - (D - 1>LPG<XZ>1F'00<XI>] - % [@6(X7) = (D = 3)¥o(X)]Ox Foo (X
11+ 20600 + 29600 [ LB F ) (B34)
, ‘ ‘ 0 [aP2 . o ‘
Toi(X') = a=PD[1 + Og(X7) + (D — 1)¥4(X")] x { X [ (1= @g(x") - (D - 1>TG<X’>JF60<XZ>}
_/#%F—(W’Pi)}- (B35)
. i aD—Z ) o R
D) 21 = [@6(X) = (D = 3P(X)] |1 = @) = (D = DX o)

= 05 01) = (D = WX orFn(xX) - D25 Foy )+ L [ Py p). (B30
T(X) = 5= T(X') :/(;:h_)l;—l [8§46§+pf"lfj— éij] (Ax+f;>]Foo(X’ pi)- (B37)
T (X) = a1 = [06(x) = (D = 3] [ [1 - @) - (D = (Xl
-2 0 ) = (0 = X FoolX) = STl |+ [ s [ P ),

(B38)

In the equation for the traceless spatial energy-momentum tensor we used the fact that Fy, is even in p; to eliminate two
terms. By using the Bianchi identities, one can show that the purely spatial constraint equations follow from the constrained
equations involving time components. We thus have two independent constraint equations that relate the gravitational
potentials ®; and ¥; to momentum integrals over the two-point functions Fy, and F_.
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APPENDIX C: ENERGY-MOMENTUM
CONSERVATION FOR
COMPOSITE FLUIDS

In this section we want to derive nonrelativistic fluid
equations by assuming an energy-momentum tensor in a
composite form that is for example due to taking expect-
ation values of two-point functions. We also assume a
linearized scalar metric in longitudinal gauge. We have

PN = (@ + Pyt Jom + 90 P (C1)
where the composite term is basically a placeholder for
any symmetric two-tensor whose indices can be raised and
lowered with the metric. Thus, the quantity P is only an
apparent pressure and the real pressure might get contribu-
tions from the composite term. We use a tilde to make a
distinction between a general case and the real scalar field case
we discuss throughout the paper. The superscript NPF refers
to the idea that although the energy-momentum tensor (C1)
has the apparent form of a perfect fluid, it does not need to be
the energy-momentum tensor of such due to its composite
nature. Since the composite term ought to be a generalization
of the noncomposite perfect fluid term, we impose
—(e+P),

(& + P)itt it ) com = (€2)

which acts also as a definition for the energy e. Local energy
conservation then gives

0= V,[T¥]5 = 8,[[(¢ + P)itg)com + P
+ az[(é + i))” uO]com + l—‘iOKe + P)ﬁoﬁ()]com
- F;c()[(é + i))l}ki‘i]com + Fi [(6 + P)u MO]com

- F;)O[(é + P)ﬁoﬁi]com' (C3)
We raise and lower indices and commute uu;,
0 [[(6 + P)u uO]com + P} +0; [(6 + P)Ijlﬁ ]com
+ FiO[(e + P)I/t ”0]com - [( ) “iy; ]com
+ [F;k - QOOFE')OgikM(é + P)M uO]com =0. (C4)

Next we plug in the perturbed metric in longitudinal gauge
and get
811[[(é + p)l‘ZOQO]com =+ P] + [1 - q)G
+ (D= 1)WG|O[[1 + ®g — (D = )W) [(2 + P)itkitg).cop)
+ (D - 1)[H - lP/G] [(E + p)aoﬁo}com

- [H - lP/GM(é +i))ﬁkﬁk}com =0. (CS)

To find the nonrelativistic limit of this composite equation we
have to define a quantity that should capture the rest mass in
the nonrelativistic limit
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p=2¢—P, (C6)
as well as a proper fluid velocity
V= _,5_1 [1 + ¥ + (I)GH(é + i))ﬁiﬁ()]com
X [L+ (24 P)7 V(@ + P)ikiy] o) /> (CT)

We then have the nonrelativistic continuity equation in an
FLRW universe

— DHp + 0,[p - ']
.P)]=0.

The local momentum conservation reads

[0,p + (D

x [1 +O(®g, ¥g) + O(%? (C8)

0=V, [TV, = 9y[(e + P
+ 0P+ [DH + @, — (D

ﬁi]com + 81{[(% + ﬁ)ﬁkai]com
- 1)¥,)[(¢ + P)ilit,]

com

[8k¢G - ( - l)ak‘PGH(é + P)ﬁ ’}i]com
-0, q)G[(e + P)M uO]com + az\PG[(E + ﬁ)’:‘tkﬁk}com'
(C9)
Defining the proper composite velocity term
[TN)iijk]com = ﬁ_l [1 + ‘PG - CI)GH(é + ﬁ)’}lﬂk}com’ (C]O)
we find the Euler equation in an FLRW space-time
0= [‘%V’ : 17} + DHL5 : ;[Jl] —+ 8/{(/5 : [biﬁk]com)
+ pdi0,®¢ + 879,P][1 + O(®g., ¥g) + O, P)).
(C11)

We can now discuss two options.

Option one is simply given by declaring the composite
term of the energy-momentum tensor (C1) and similarly its
nonrelativistic descendant (C10) to be noncomposite
as it would be the case for a perfect scalar field fluid
based classical field theory including nonlinear terms in the
fluid quantities but keeping gravitational potentials linear.
Equations (C8) and (C11) were for example derived in the
scalar field context by [3,13] for real and complex fields,
respectively.

The second option is of course to take into account the
composite nature of the term in (C10) which happens for a
real scalar field fluid based on nonvanishing connected
two-point functions as we discuss it in Sec. IV A. However,
we stress once more that the above derivation made no
reference to the real scalar field theory and we only
assumed local conservation of a fluid energy-momentum
tensor of the form (C1). We will now give an independent
derivation of the fluid equations (C5) and (C9) in the next
section as a cross-check and will explicitly use the scalar
field matter equations.
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APPENDIX D: CONTINUITY AND EULER
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2

b
EQUATION FOR REAL SCALAR FIELD FLUID + =530 [1=® = (D-1)¥J", (DI)
1. Local energy conservation
Let us start with the local energy conservation by  Fy; = —a?P=V[1 =2(D - 1)¥g][(e + P)ulug).om-
integrating the dynamical equations (A8) and (A9) as well (D2)
as (Al1). We find
dD—lp p2 B dD—lp Pr
———F_ ———|® D-1)¥ s F_
/ (2zh)P-TR2" T ox* (@ +( J¥] / (2zn)P~1 #
1 )
=501 =@ = (D = 1)¥el[a*[1 = 2%c][(e + Puiu']con]
L R
“a2’ [1 =@ — (D - 1)¥5]Axp “ed P Ax[®g + (D - 1)¥6]. (D3)
We also have
- 4 M 7 - Ax +1_7 Ax
a Fii+2—5-[1+ @6 = (D= 1)¥e]F, = [[1 + @6 = (D = 3)¥6]F,]| - Fy =~ [ — (D = 3)¥]
dD—lp p2
Z2[1 + ®g — (D - 3)¥] /Wﬁﬂ
0 d"'p pi
—2— |1+ ®;—(D-3)¥ ——F_]. D4
gt |11+ @0 = (D=3wd] [ b b | (D4)
We also write down the following relation for the fluid-four velocity for convenience:
0 d"'p p;
1 -®;—(D—-1)¥5] = |[1 +2P; + 27 ————F
1= 06— (D= 1] [1+20-+2%] [ 2P|
0
= =aP[l = &g — (D = )¥] 5oz [[1 + @ = (D = 1)¥g][(e + P)utug|con)]
<D-2>h21c1> D= )W) =2 [[1 + 206 + 2] -2 [[1 = g = (D - )W)/ D5
t+a m[— ¢—(D-1) G]WHJF ¢t G]WH_ ¢ — (D -1)¥:lp']]. (Ds)
We plug everything in and indeed end up after a series of straightforward manipulations with
[[(e + P)uug|eom + PI' + (D = 1)[H = ¥g][(e + P)u’tgcom
0
+[1 =@ + (D = )¥] 5oz [[1 + @6 = (D = 1)¥gll(e + P)u‘uglean]
= [H = ¥g][(e + P)ugit] o, = O, (Do)

which agrees with the result (C8) of the more general derivation in Appendix C. The definition of the rest mass

in (108) yields

p=e—P,

such that

[(e + P)uﬂu/t]com = _(,0 + ZP)

(D7)

(D8)

In order to find the nonrelativistic limit of this equation we have to define proper irreducible fluid velocity
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v = _p_l[l + lIIG + CI)G][(e + P>u[u0}com[l + (6 + P)_1[<e + P)ukuk]com]l/z'
We then have the nonrelativistic continuity equation in an FLRW universe

[0,p + (D = 1)Hp + 9;[p - v]|[1 + O(e5) + Ole) + O(e3)] = 0.

2. Local momentum conservation
Now, we continue with the Euler equation by integrating Eq. (A10),
4P-1 P P / 1 o? o o
— " F | = [® D -3)¥Y D=2
[ / (2zn)P1 7 ] aoxiaxk Lo~ (P =3 ¥l g amFol

@0 (=3pte] [ (B P oy

4 n?
d°'p pipy O
—[l+®;— (D=3 [ — L L aP-?
[ + G ( ) G]/(zﬂh)Dl h2 axk[

D-1 '
_ 0 (@ — (D - 3)¥] /up,pk [aP~2 F ]

Foo)

ox* (2zh)P-1 n?
1m*> , 0 10 —
- 5?“2 X (@ — (D = 1)¥g][a”Fyo] — 2% (@6 + (D = 1)¥¢][a~ P F,y].

We plug in the expressions for the integrated two-point functions in terms of hydrodynamical variables

U;D 11 =@ — (D~ 1¥glp/) +[1 + @ — (D~ ¥ele®[(e + P>u°u,-1mm}'

2 2 2
P D@~ (D= 3] b a2 [0~ (D= 3% Y
2
-5 0 = (0= 3] [l = 29]l(e + Pl = a7 g
0 {[1 +®; - (D-3)¥ ][aD[l = 2¥5][(e + P)ufu;] o — aP 1P p”

oxk ¢ ¢ ¢ eom =4 4 XX
1 D 0 1 D 0 0

54 o (D¢ — (D —1)¥]p + 24 ox (@6 + (D = 1)¥][(e + P)uug]com-

Manipulating these expressions finally leads to

0 d
[(6‘ + P)uoui]/com + [DH + (I)G - (D - I)TG]I[(e + P)uoui]com + WP aX, lIJG[(e + P)u uk]com

911+ @6 — (D= 1)¥]l(e + Pyubu)ogn] = 0.

0
= a7 Dolle + PYulttglegn + [1 = @6 + (D = 1)¥6] 5oz

ox'

(D9)

(D10)

(D11)

(D12)

(D13)

which agrees with the result (70) of the more general derivation in Appendix C. Defining the proper composite velocity term

[vivk]com = :0_] [1 + %6 — CDGH(e + P)Miuk]com’

we find

0=[9,lp- v']+ DHp - v'] + Olp - [V'0¥] o] 4+ p570,;®¢ + 670,P] x [1 + O(e7) + O(e3,) + O(e3)].

We evaluate the apparent pressure term,

083504-30

(D14)
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= {8,7[/) . Ui} + DH[ﬂ : Ui} + péikak(DG + ak[p ’ [vivk]com] -

x{1+0() + O(e7) + O(e3)}.
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h2 > )
Sxiaxrl H D = 2H,p + 5”%9,34 }

(D16)

As already mentioned above, the composite operators contain information about anisotropy or in other words a
nonvanishing second cumulant. Using the definition in (95) together with the definition (D9) we find the stress tensor in

terms of proper fluid velocities

P[00 o = 8980, +p v 0F o 65

and thus

= {0+ 1+ DHlp- o1+ 95000+ o

x {14 O(e2) + O(£2) + O(e2)} = 0.

The equations we find here are identical to Egs. (C8)
and (C11), except that we identify the perturbation param-
eters on a more fundamental level and plugged in a concrete
expression for the composite velocity term and the apparent
pressure.

Let us once more point out that a local rest-mass-density
conservation due to some internal symmetry is not neces-
sary to derive typical fluid equations in an FLRW universe
once we impose a large mass limit. This is the reason why a
minimally coupled real scalar field is well suited to model
the fluid dynamics of cold dark matter. It is of course true
that the real scalar field model has no number current that is
locally conserved on all scales (in contrast to a complex
scalar field for example) and thus the probability associated

422

- 51/5km0.1m+p ol k

0,0ip| x [1 + O(eg) + O(e3) + O(e})]. (D17)

2

T 4mla?

[6%(D —2)HO,p + 5"’<85p]] }

(D18)

[

with a single-particle wave function of a real scalar field in
Minkowski space is a priori not conserved. However, the
energy-momentum tensor is another locally conserved
quantity in the minimally coupled real scalar field theory.
Imposing that the mass m dominates all other scales, the
energy density current coincides with the rest-mass density
current with corrections given by terms that go like
momentum over mass, Hubble rate over mass, and so on
which can be tuned to be small by imposing a certain initial
momentum distribution for instance. It is thus no surprise
that the system we discuss in this paper has a classical limit
for hydrodynamic quantities that mimics fluid equations of
massive particles whose number is locally conserved (cf. the
discussion in [45]).
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