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We study the nonadiabatic cosmological production of ultralight dark matter (ULDM) under a minimal
set of assumptions: a free ultralight real scalar as a spectator field in its Bunch-Davies vacuum state during
inflation and instantaneous reheating into a radiation dominated era. For ULDM fields minimally coupled
to gravity, nonadiabatic particle production yields a distribution function peaked at low comoving
momentum A o 1/k>. The infrared behavior is a remnant of the infrared enhancement of light minimally
coupled fields during inflation. We obtain the full energy momentum tensor, show explicitly its equivalence
with the fluid-kinetic one in the adiabatic regime, and extract the abundance, equation of state, and free-
streaming length (cutoff in the matter power spectrum). Taking the upper bound on the scale of inflation
from Planck, the ULDM saturates the dark matter abundance for m =~ 1.5 x 10~ eV with an equation of
state parameter w ~ 10™'* and a free-streaming length Ag ~ 70 pc. Thus this cosmologically produced
ULDM vyields a cold dark matter particle. We argue that the abundance from nonadiabatic production
yields a lower bound on generic ULDM and axionlike particles that must be included in any assessment of

ULDM as a dark matter candidate.
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I. INTRODUCTION

Despite a large effort on the direct detection of weakly
interacting massive particles in the mass range of a few to
100 GeV with weak interaction cross sections, no particle
beyond the Standard Model with these properties has been
found [1-6]. This lack of evidence is motivating the study
of alternative light or ultralight dark matter (DM) candi-
dates, such as sterile neutrinos, axions, or axionlike
particles, “fuzzy” dark matter (FDM), light dark scalars,
and dark vector bosons [7-15]. An FDM candidate with
mass m ~ 10722 eV and de Broglie wavelength ~kpc could
be a cold-dark matter (CDM) candidate with the potential
for solving some small scale aspects of galaxy formation
[16-21]. All of these candidates are characterized by very
small masses and couplings to Standard Model degrees of
freedom. Lyman-a [22,23] and pulsar timing [24] provide
constraints on the mass range of ultralight dark matter
(ULDM). Light DM candidates are not only probed by their
gravitational properties [25] but there are various proposals
for direct detection, from high energy colliders [26] to
“tabletop” experiments [27-33]. There are several pro-
posed mechanisms of production of light or ultralight dark
matter [7-11,13-15].

Particle production in a dynamical cosmological back-
ground was studied in pioneering work in Refs. [34-39].

‘nmh48 @pitt.edu
.l_boyan @pitt.edu
zentner @pitt.edu

2470-0010/2020/101(8)/083516(23)

083516-1

Gravitational production of DM candidates was studied for
various candidates and within different settings: heavy DM
particles [40-43], production from inflaton oscillations or
oscillatory backgrounds [44—46], for “stiff” equations of
state in [47], or during reheating [48,49]. These previous
studies considered heavy DM candidates and often invoked
the adiabatic approximation valid for large masses and/or
wave vectors.

In this article we study the gravitational production of
ultralight DM with important differences from previous
studies:

(i) We study the nonadiabatic gravitational production
of ULDM as a consequence of cosmological ex-
pansion during the inflationary and postinflationary
radiation dominated era until matter-radiation equal-
ity. We obtain the abundance, equation of state,
and free-streaming length (cutoff scale in the matter
power spectrum) to assess whether this candidate
describes cold, warm, or hot DM.

(i1) We consider a real free scalar field describing the
ULDM as a spectator field during inflation; namely
it does not couple to the inflaton, it does not acquire
an expectation value, and hence it does not contrib-
ute to linear isocurvature perturbations that couple
to long-wavelength metric perturbations [50-52].
We discuss the issue of nonlinear entropy perturba-
tions in Sec. VI. This scalar field is in its Bunch-
Davies vacuum state during inflation. A vanishing
expectation value of the field precludes a “misalign-
ment” type production mechanism.
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(ii1)) This field does not feature self-interactions or
interactions with any other field; it only interacts
gravitationally.

(iv) We focus on scales that are well outside the horizon
at the end of inflation, since these are the scales of
cosmological relevance for structure formation, and
we assume a rapid transition from the inflationary
stage to a radiation dominated (RD) era.

(v) We obtain the full energy momentum tensor; its
expectation value in the “in” Bunch-Davies vacuum
yields the energy density and pressure. We show that
in the asymptotic regime when the evolution be-
comes adiabatic, the zeroth-order adiabatic energy
momentum tensor coincides with the usual fluid-
kinetic one. We obtain the abundance, equation
of state, and free-streaming length near matter-
radiation equality to assess whether this candidate
describes cold, warm, or hot DM. Imposing the
observed DM abundance yields a bound on the mass
of the ULDM particle which only depends on
cosmological parameters.

We discuss ULDM minimally and conformally
coupled to gravity. Although we expect negligible pro-
duction of an ULDM particle conformally coupled to
gravity, its detailed study provides an explicit quantitative
confirmation of this expectation and highlights the
main differences with the case of minimal coupling.
The comparison between the minimally and conformally
coupled cases allow us to conclude that in the minimal
coupling scenario, substantial particle production occurs
during inflation after the corresponding wavelengths
become superhorizon.

Summary of main results: For a minimally coupled light
scalar field taken as spectator in its Bunch-Davies vacuum
state during inflation, nonadiabatic particle production
yields a distribution function peaked at small comoving
momentum N, « 1/k>. The low momentum enhancement
is a distinct remnant of the infrared enhancement of light
minimally coupled fields during inflation. Assuming the
upper bound on the scale of inflation established by Planck
[53], we find that a mass ~107> eV yields the correct dark
matter abundance. Furthermore, we find that this DM
candidate, despite being very light is extremely cold; its
equation of state parameter at matter-radiation equality is
w =~ 10~'* and features a free-streaming length (cutoff scale
in the matter power spectrum) Ag ~ 70 pc. Conformally
coupled ULDM features a negligible abundance.

The results of this study apply also to axionlike particles,
albeit with no other interactions but gravitational. The
abundance, equation of state, and clustering properties only
depend on cosmological parameters and the mass; therefore
this study provides the simplest scenario for particle
production of ULDM and for a long-lived DM candidate
a lower bound on the abundance. This lower bound on the
abundance from nonadiabatic cosmological production

should enter in any assessment of ULDM candidates, even
those with interactions.

The model of ULDM is introduced in Sec. II. Section I1I
discusses the “in” states and define the “out” particle states,
obtaining the number of asymptotic “out” particles pro-
duced nonadiabatically for minimal and conformal cou-
pling to gravity. In Sec. IV we discuss the nonadiabatic
nature of particle production. Section V analyzes the energy
momentum tensor, discusses renormalization aspects,
establishes the relation with the fluid-kinetic energy
momentum tensor in the adiabatic regime, and defines
the energy density and pressure of the asymptotic particle
states. In this section we obtain the relation among the dark
matter abundance, the particle’s mass, and the cosmological
parameters. We also obtain the equation of state and free-
streaming length and establish that nonadiabatic production
of ULDM yields a cold dark matter candidate. In Sec. VI
we discuss linear and nonlinear entropy perturbations.
Section VII discusses various aspects and caveats sug-
gesting further questions and avenues of study, and
Sec. VIII summarizes our conclusions. Two appendixes
provide technical details.

II. THE MODEL FOR THE ULDM SCALAR

We consider a free real ultralight scalar degree of freedom
as a dark matter candidate and invoke the following main
assumptions:

(1) It is a spectator field during inflation. Namely, it
does not interact with any other field, including the
inflaton, and it does not acquire a vacuum expect-
ation value; therefore it does not drive inflation.
Because it does not acquire an expectation value, it
does not contribute to linear isocurvature perturba-
tions that source long-wavelength metric perturba-
tions [50-52]. See Sec. VI for a discussion on
nonlinear entropy perturbations.

(i) The inflationary stage is described by an exact de
Sitter spacetime, the ultralight field is in the Bunch-
Davies vacuum state, and we consider field fluctua-
tions with superhorizon wavelengths at the end of
inflation, since these are the wavelengths of cosmo-
logical relevance for structure formation.

(iii) We assume instantaneous reheating: namely we
consider an instantaneous transition from the infla-
tionary to a radiation dominated stage postinflation.
There is as yet an incomplete understanding of the
nonequilibrium dynamics of reheating. Reheating
dynamics depend crucially on various assumptions
on couplings with the inflaton and/or other fields
and thermalization processes [54] in an expanding
cosmology. The question of how the nearly ~100
degrees of freedom of the Standard Model attain a
state of local thermodynamic equilibrium after in-
flation and on what timescales is still unanswered.
Most studies model the couplings and dynamics;

083516-2



NONADIABATIC COSMOLOGICAL PRODUCTION OF ...

PHYS. REV. D 101, 083516 (2020)

therefore any model of reheating is at best tentative
and very approximate. We bypass the inherent
ambiguities and model dependence of the reheating
dynamics and assume instantaneous reheating after
inflation to a RD era. The physical reason behind
this assumption is that we are primarily concerned
with wave vectors that have crossed the Hubble
radius during inflation well before the transition to
RD and are well outside the horizon during this
transition: hence causally decoupled from micro-
physics. These modes feature very slow dynamics at
the end of inflation, and the assumption that they
are frozen during the reheating time interval seems
physically warranted (see further discussion in
Sec. VII). We assume that both the scale factor
and the Hubble rate are continuous across the
transition. Along with the continuity of the mode
functions and their time derivative across the tran-
sition (see below), this, in fact, entails the continuity
of the energy density obtained from the energy
momentum tensor (see below).

(iv) Unlike previous studies that invoked the adiabatic
approximation, we study nonadiabatic cosmological
production of ULDM. This is a direct consequence
of a very small mass and field fluctuations with
superhorizon wavelengths after inflation.

(v) The RD era is dominated by a large number ~100 of
ultrarelativistic degrees of freedom justifying taking
the spacetime metric during this era as a background
and neglecting the contribution from the single
scalar degree of freedom.

In comoving coordinates, the action for the real ULDM

scalar field is given by

5= [ @xarymg {3 - GO - Lo + exig
(2.1)
where
N

is the Ricci scalar (here the dot stands for derivatives with
respect to comoving time ) and £ is the coupling to gravity,
with £ =0, 1/6 corresponding to minimal or conformal
coupling, respectively. We will study each case separately.
We consider a spatially flat Friedmann-Robertson-Walker
(FRW) cosmology in a conformal time coordinate, with the
metric given by

9w = 612(7])7’]#,” (23)
where 7, = diag(l,—1,—1,—1) is the flat Minkowski
spacetime metric.

Introducing the conformally rescaled fields

oG 1) =% jﬂ? , (2.4)
with
R= 62;/8;; : (2.5)

the primes now refer to derivatives with respect to con-
formal time. The action becomes (neglecting an irrelevant
surface term that does not affect the equations of motion or
energy momentum tensor)

S= [ dxdng - (V27 - M) (26)

where

200 = m2a2 _a”(r]) _
M (n) = (n) a0n) (1-6%).

The inflationary stage is described by a spatially flat de
Sitter spacetime (thereby neglecting slow-roll corrections)
with a scale factor

(2.7)

1

 Hys(n—2ng)° 28)

a(n) =

where H 4 is the Hubble constant during de Sitter and 7, is
the (conformal) time at which the de Sitter stage transitions
to the RD stage.

During the RD stage the scale factor is given by

a(n) = Hgn (2.9)
with
Hyp = Hy\/Qp ~ 1073 eV, (2.10)
and matter radiation equality occurs at
Q
aeq:Q—R:1.66x10‘4. (2.11)

M

We model the transition from de Sitter to RD at a
(conformal) time 77 by requiring that the scale factor and
the Hubble rate be continuous across the transition at 7y,
assuming self-consistently that the transition occurs deep in
the RD era so that a(7g) = Hgig < a.q. Continuity of the
scale factor and Hubble rate at the instantaneous reheating
time results in that the energy density, namely the expect-
ation value of T8, is continuous at the transition. This
important aspect is discussed further in Sec. V.
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Using H(n) = @'(n)/a*(n), continuity of the scale factor
and Hubble rate at 7 imply that

1
= Hpnp;: Hyg=——, (2.12
Hgysng KR @ HR’?IZQ ( )

ags(ng) =
yielding
(2.13)

The most recent constraints from Planck on the tensor-
to-scalar ratio is [53]
Hgs/Mp < 2.5 % 1073(95%)C.L. (2.14)

We take as a representative value Hyg = 103 GeV, from
which it follows that

H
ags(ng) = Hritg = \/H—:Sz 1075 < g (2.15)

This scale corresponds to an approximate ambient radiation
temperature after the transition from de Sitter to RD,

T
20 ~10' GeV,

T ~
(ﬂR) Aarp (’1R

(2.16)

where T, < 107 eV is the cosmic microwave background
(CMB) temperature today.

We also define the mass of the DM particle in units
of eV as

(2.17)

which for ultralight DM particles we define as m,, < 1.

III. ASYMPTOTICS: “IN-OUT” STATES,
ADIABATIC MODE FUNCTIONS,
AND PARTICLE STATES

A. Asymptotic in-out states

The quantization of the real ULDM scalar field in a finite
comoving volume V proceeds by writing

x@mi%%mm@wﬁw@mwﬂ, (1)

where k are comoving wave vectors. The mode functions
gi(n) are solutions of the equations of motion

a"(n)
a(n)

wm+k+wfw— @4ﬁ%w=a (3.2)

and are normalized to obey the Wronskian condition

9mgi(n) — g () g (n) = =i (3.3)

so that ag, a% obey canonical commutation relations.
A familiar interpretation of the mode equation follows by

writing Eq. (3.2) as
dZ
- d—nzgk(ﬂ) + V(n)gi(n) = K gi(n);

a"(n)

V('l) = _mzaz(ﬂ) + (1 - 65) Cl(?])

. (3.4)

namely a Schrodinger equation for a wave function g, with
a potential V(i) and “energy” k*. The potential V(17) and/or
its derivative are discontinuous at the transition 7z; how-
ever, g;(n) and g, (n) are continuous at #g. Defining

gi(m); for s <mp
m@={i AR E Y
gi (n);  for sn > ng
the matching conditions are
gz (nr) = gz (ng)
d d
—gc(m)| =97 (n) (3.6)
dn e dn Tk

As is discussed below (see Sec. V), these continuity
conditions on the mode functions, along with the continuity
of the scale factor and Hubble rate at the transition ensures
that the energy density is continuous at the transition from
inflation to RD.

1. Inflationary stage

We consider that the ULDM scalar is in the Bunch-
Davies vacuum state during the inflationary stage, which
corresponds to the mode functions g;(n) fulfilling the
boundary condition

e—ikn

_) ,
Ik (’7)]1_)_00 \/ﬂ

(3.7)

and the Bunch-Davies vacuum state |0) is such that

az|0) =0 V k.

- (3.8)

We refer to this vacuum state as the in vacuum.

We will consider both cases: conformal coupling (CC)
& =1/6 and minimal coupling (MC) £ = 0.

During the de Sitter stage (n < ng), with the scale factor
given by Eq. (2.8), the mode equation becomes
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& Vv -1/4] _
ng (T) + |:k2 - 742] gk (‘L’) = 0, (39)
where
i g—l;"—i for &€ =0 (MC)
== 2I1R’ V= 1 m?
(3.10)

The solution with the boundary condition (3.7) is given by

1

g (7) = 5 V=me A B (oke). (3.10)

where H,(,1> is a Bessel function. We note that with H g ~
103 GeV it follows that m/H g5 ~ m., 107> < 107>? and
can be safely ignored in the expression for v. Therefore,
neglecting the mass of the ULDM scalar, we find

—ikt

C=[1-74] for £=0 (MC)
g =4 VLt (3.12)
o for £=1/6 (CC)

With Hyg~10"3 GeV we find that 775 ~10° eV~ ~0.2m.
In what follows we will consider that all the modes of
cosmological interest are well outside the Hubble radius at
the end of inflation, namely

kng < 1, (3.13)
for the value of H 4 assumed above, with 7z ~ 10° (eV)~!
the superhorizon condition (3.13) corresponds to comoving
wave vectors kK << y eV or comoving wavelengths >1 m,
obviously including all astrophysically relevant scales.

The in state is the Bunch-Davies vacuum defined by
Eq. (3.8) and the mode functions (3.12) during the inflation
stage, taken to be de Sitter spacetime, thereby neglecting
small slow-roll corrections.

2. Radiation dominated era

During the radiation era for y > ng, with a(n) = Hgn we
set @’ = 0, and the mode equation (3.2) becomes

2
71129;? (n) + [K* 4+ m*Hin*g; () =0, (3.14)

the general solutions of which are linear combinations
of parabolic cylinder functions [55-58]. As “out” boundary
conditions, we impose that such a combination should
describe asymptotically positive frequency “particle” states
and their Hermitian conjugate. This identification relies on
a Wentzel-Kramers-Brillouin (WKB) form of the asymp-
totic mode functions.

Let us consider a particular solution of Eq. (3.14) of the
WKB form

=i |" Wil )dn
e tj:m «(n')dn

fi(n) ITM-

(3.15)

Upon inserting this ansatze in the mode equation (3.14) one
finds that W, (5) obeys

oo LW 3 (W2
i) =oin =[5t -3 Gokiy) |- 019

where

wi(n) = k* + m*Hyn. (3.17)
When w, () is a slowly varying function of time, the
WKB Egq. (3.16) may be solved in a consistent adiabatic
expansion in terms of derivatives of w; (1) with respect to n
divided by appropriate powers of the frequency, namely

W%(n)—wi(n)[1—;ZI§;EZ;+§<ZEEZ;>Z+--}. (3.18)

We refer to terms that feature n derivatives of wy(n) as of
the nth adiabatic order. During the time interval of rapid
variations of the frequencies the concept of the particle is
ambiguous, but at a long time the frequencies evolve slowly
and the concept of the particle becomes clear.

We want to identify particles (dark matter particles) near
the time of matter radiation equality, so that entering in the
matter dominated era we can extract the energy density
and pressure (energy momentum tensor) associated with
dark matter particles. Therefore, we seek to clearly define
the concept of particles near matter-radiation equality,
namely a(n) = aqq ~ 107

The condition of adiabatic expansion relies on the ratio

@ (n)

22 (n) < L. (3.19)

An upper bound on this ratio is obtained in the very
long wavelength (superhorizon) limit, and taking wy () =
ma(n) in an RD cosmology leads to the condition

0—17

a'(n) Hy
= <1l= >
ma®(n) a(n)

() 020

Therefore, even for m,, =~ 1 corresponding to a(n) ~ 10~""
there is a long period of nonadiabatic evolution since
the end of inflation a(ng) ~ 107 <« 10717/, /m,, during
which the w,(n) varies rapidly. However, even for an
ultralight particle with m,, ~ 1072? yielding a much longer
period of nonadiabatic evolution, the adiabatic condition is
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fulfilled well before matter-radiation equality. The adiaba-
ticity condition becomes less stringent for nonvanishing
wave vectors with k > ma(n).

In conclusion, the evolution of the mode functions
becomes adiabatic well before matter radiation equality.
During the adiabatic regime the WKB mode function (3.15)
asymptotically becomes

£ e—if”wk(n’)dﬂ’
) = ’
20 (n)

(3.21)
and we refer to the mode functions with this asymptotic
boundary condition as out particle states which obey the
Wronskian condition

Fem)fen) = @) fi(n) = - (3.22)

The definition of these mode functions as describing
particle states merits discussion. Our spacetime is not
Minkowski spacetime; dark energy entails that the cosmol-
ogy describing our spacetime is nearly de Sitter (if dark
energy is in the form of a cosmological constant), and
Minkowski spacetime is a local approximation valid on
scales much smaller than the Hubble scale. The conformal

and (local) comoving energy are related by

wi(n) =\ K +m*a*(n) = a(n)Ex(n), (3.23)
with
k2
Ei(n) = \/ kpy(n) + m?; kph(n)Eaz(n), (3.24)

where k() is the physical momentum.

Consider the asymptotic phase of the mode function
f«(n) given by Eq. (3.21). Using the relations (3.23)
and (3.24) and a(n)dn = dt with ¢ being cosmic time, it

follows that
g / d / IE / d/
(' )dn' = K(1)dt'.
Mo Iy

Expanding around the lower limit and integrating we find

(3.25)

[@szmmm—m

X {1 —%ﬂ%(fo)H(to)(t —to) + |,
(3.26)

where

Prilty) = H(ty) =

(3.27)

with H(ty) the Hubble expansion rate at #y. Therefore it is
clear that the phase is associated with particle states over
a timescale t—1y < 1/H(ty) ~ 13 Gyr. Thus on these
timescales Minkowski spacetime particle states are a valid
description. This, of course, is just a consequence of the
equivalence principle.

The general solution of Eq. (3.14) is

g¢ (n) = (3.28)

Arfi(n) + Bifi(n),
where f(n) are the solutions of the mode equation (3.14)
with asymptotic boundary conditions (3.21) and A; and B,
are Bogoliubov coefficients. Since g7 () obeys the
Wronskian condition (3.3) and so does f(#), it follows
that the Bogoliubov coefficients obey
A2 = B = 1. (3.29)
Using the Wronskian condition (3.22) and the matching
condition (3.6), we find that the Bogoliubov coefficients
are determined from the following relations:

— 95 () f3 " (ng)]s

A= i[g}f (”R)f;;(’IR)
B — g5 (Mr) i (ng))-

« = ~ilgi (1r) & (nr) (3.30)

Since the mode functions g () also fulfill the Wronskian
condition (3.3), it is straightforward to confirm the iden-
tity (3.29).

For 1 > np the field expansion (3.1) yields

[ —1kx + alg}f (n)eik-i}

3

ﬂ

72 [
k
=5 [Beie b et (331
k

where

by = @A +a' B b

L=aAi+a_B. (3.32)

We refer to by, b;% as the annihilation and creation operators

of out particle states, respectively. They obey canonical
quantization conditions as a consequence of the relation
(3.29). In the Heisenberg picture the field operators evolve
in time but the states do not. The vacuum state |0) is the
Bunch-Davies vacuum state (3.8) in which the number of
out particles is given by

N = (0]bbel0) =

1B, 2. (3.33)
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We identify N, with the number of dark matter particles
produced asymptotically from cosmic expansion. Only in
the asymptotic adiabatic regime can A/, be associated with
the number of particles. This point will be discussed further
in Sec. VIL

It remains to obtain the solutions f;(y) of the mode
equations (3.14) with asymptotic out boundary condition
(3.21) describing asymptotic particle states.

It is convenient to introduce the dimensionless variables

k2
x = +/2mHgn; a=

- (334
2mHR ( )

in terms of which Eq. (3.14) is identified with Weber’s
equation [55-58]
d2

2!

2

(x) + [Z - a] g(x) = 0, (3.35)

whose real solutions are Weber’s parabolic cylinder func-
tions [55-58],

1 G 2G
W[(X, :l:X] = W G—;Yl (a;x) + G—:YZ(G,X)‘| s
(3.36)
where
1 a 3 a
Il - — =I'(-+i= .
Gl ’ <4+l2), G3 ’ (4+12>, (337)
and [55,56]
x2 1\ x*
Yi(ax) =1 — 2_ ). .
1(a; x) —|—a2!+ <a 2) 4!—|— , (3.38)
x2 3\ x*
Y (a;x) = x|1 = 2T )., .
»(a; x) x{ +a3!+<a 2>5!+ } (3.39)

With these real solutions we construct the complex
solution that satisfies the Wronskian condition (3.22)
and features the asymptotic “out state” behavior (3.21)

with w?(n) = ’2—2 —a. It is straightforward to confirm that
such a solution is given by (see Appendix A)

1 1
fi(n) = SmH) 7 | /&
k=V14+ e—Zﬂ\a\ _ e—n\a\‘
It is shown in Appendix A that these solutions do indeed

satisfy the asymptotic out boundary condition (3.21) and
fulfill the Wronskian condition (3.22).

Wa; x| — iv/kWa; —x] | ;

(3.40)

The Bogoliubov coefficients are obtained from Egs. (3.30),
where the mode functions during the de Sitter era g; (1) are
given by Eq. (3.12) (with 7 = 5 — 2#p).

For ng = 1/\/HysHp [see Eq. (2.13)] it follows that

2m
x(ng) = \/ H—ds: V2me 1071 —ax?(ng) = (kng)? < 1;
(3.41)

therefore for # ~n; we can set Y(x) ~1; Y,(x)~x in
order to obtain the Bogoliubov coefficients from Eq. (3.30).
We note that the condition x(#) < 1 implies that

> 1.

!/
AU (3.42)
mHP  ma ()

Therefore, comparing with the condition for adiabaticity
(3.20) we see that the mode functions after the transition are
strongly nonadiabatic.

The regime of nonadiabatic evolution is where particle
production is most effective (see discussion in Sec. VII).
Furthermore, particle production is enhanced at longer
wavelengths because these modes feature the strongest
departure from adiabaticity.

We emphasize that while we assume an instantaneous
transition from the inflationary to the RD stage, the scale
factor, the Hubble rate, the mode functions, and their
(conformal) time derivatives are all continuous across
the transition, and this continuity implies a continuous
process of particle production. As a consequence of these
continuity conditions the transition does not induce a burst
of particle production, nor is there any discontinuity in the
production dynamics. This important aspect will be high-
lighted again in Secs. IV and V below in more detail.

B. Minimal coupling

We begin by studying the case of MC, namely & = 0.
The mode functions during the inflationary (de Sitter)
era are given by (3.12) for MC, and during RD the
general solution of the mode equations is given by
(3.28) in terms of the solutions (3.40) with out (particle)
boundary conditions.

For the minimally coupled case we find from Eq.. (3.12)

) = 14 1] (3.43)
= —— +— s .

i IR % Kk

d ek { i 1

—oc(n)| =—-ik—= 1—|————} 3.44

dn il )nR V2k | kng  (kng)? (344)

Since knp < 1, we keep the leading order terms in the
superhorizon limit ki — 0, writing
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G ) = = (3.45)
d - z\/_
d_ngk (’7) . \/‘52 5 0= k’?R (346)
From Eq. (3.41) we find
1 I .
fi(ng) = SmH ) {W_ l\/’z} Wia: 0], (3.47)
dfk(’?) _ V2mHpy 1 . 17 e
i), = G e V0 49
with
Wa,0] = —%W[a, 0]. (3.49)

Using these results with the matching conditions (3.30)
yields the Bogoliubov coefficients,

e () a2}

e b))} e

23/4
1/4

1/2

rG-it)

|
2
INCENED

Therefore, the distribution function of produced particles

is given by
1 R%S | 2+ RZ(S+ | 2
4Rt |\ 2 K\ 2

(3.53)

Ry = (3.52)

o

Ni= B> =

It is convenient to extract the relevant scales and hence
define

=z 3.54
Vil = e (3.54)
in terms of which it follows that
2m
6=kng =z4)/—, (3.55)
K \/ Has

yielding

3 . 72
R25 =232 G- "’2) 2m
G=i\ Has
1 1 /Hi\2 1 |TE-i<
Y s [ SCED
k Z m 8\/2 F(i— 17)
with
H, 1 H
e . T (3.57)
m  me, |10"°(GeV)

Using Stirling’s approximation we find that the asymp-
totic behavior of the ratio of Gamma functions in Eq. (3.56)
is given by

(3.58)

We focus on wavelengths that are superhorizon at the end
of inflation, namely k7z < 1 which results in the following
condition:

kng = z4 / (3.59)
For large z the product
R3S — 2z, / = 2kng; (3.60)

therefore in the regime of validity of the superhorizon
approximation knr < 1, the product R?§ < 1 and can
safely be neglected. Hence we can approximate the distri-
bution function as

b HdS *D(z)
.61
where
TG i%)
D(z) = V1 + e 47.22 . (3.62)
ré-i%)

Figures 1 and 2 display D(z) and zD(z)/V2 vs z,
respectively.

The number of produced particles N} is strongly peaked
at low momentum N o 1/k>. This infrared enhancement
and the factor Hﬁs are both remnants of the infrared
behavior of light minimally coupled scalars during the
de Sitter era. Because D(z) — v/2/z for z > 1, it follows
that for large comoving wave vectors N — 1/k*.
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4.5

4.0

D(z)

=}
S}
w
o~
)

FIG. 1. The function D(z) vs z.

2D(z)2"?

FIG. 2. The function %D(z) vs z displaying the asymptotic
behavior (3.58).

The small and large momentum limits of the distribution
function are summarized as follows:

{ 1/k%; k< /2ZmHyg
Nk X

. 3.63
1/k% k> \/2mHpg (3.63)

C. Conformal coupling

Massless particles conformally coupled to gravity are not
affected by the cosmological expansion. Therefore, we
expect that very light particles with conformal coupling
will not be substantially produced. However, in order to
fully compare with the minimally coupled case, we study
the production in the conformal case and focus on
establishing the main aspects of the difference.

For conformal coupling the mode functions during the
inflationary stage are given by (3.12) for & = 1/6. With
kngr < 1 we find

95 (ng) = (3.64)

B -
?\74

ik
R _W

During the RD era the mode functions are given by (3.28)
with f(n) given by (3.40). The Bogoliubov coefficients are
found in the same manner as for the minimal coupling by
equating the functions and #— derivatives at n = 7.

We find

=i ) () e

e () o

where k and R, are given by (3.40) and (3.52), respectively.
It is straightforward to confirm the identity (3.29). A
comparison with the Bogoliubov coefficients of the min-
imally coupled case, (3.50) and (3.51), reveals that A; and
B, for minimal coupling feature the denominators with
0 = knr < 1. These denominators are a direct conse-
quence of the infrared enhancement of the mode functions
for nearly massless minimally coupled scalar fields in
de Sitter spacetime, as is evident in Egs. (3.12), (3.43),
and (3.44).
The distribution function of produced particles is

Nk:|Bk|2:é{\/]+ —_2zra|(R2+;)—4}. (3.68)
k

ig<(f7)

3.65
dn k ( )

Using the asymptotic properties of the Gamma func-
tions, we find that N/, — 1/(32a?)? « 1/k® for k = oo and
as k— 0

1 I
Nk0<—0<

NChG

therefore particles are produced primarily with very small
momentum k < /mHjp.

The distribution function N is solely a function of
7 =k/\/2mHyg; Fig. 3 displays N; vs z=|a|'/? =
k/\/2mHpg. It is then convenient to define the distribution
function

(3.69)

N(Z) = Nk, (370)

where N (z) is peaked at low momentum and vanishes fast
for z> 1, for example, N'(z=1)~1073; N (z=10)~107".
As a corollary, the particles are produced nonrelativistically
at the time of matter-radiation equality, since

k _ |2Hg _ 10715
\/_

(3.71)

~ 2
Mdeg magg
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Nk

0.0 0.2 0.4 0.6 0.8 1.0
K(mHg)"?

FIG. 3. Ny vsz=+/|a| = \/#_HR for conformal coupling.

hence, even for m, ~ 107 it follows that k/ma., < 1072,
Therefore for m > 1072 eV the produced particles are
nonrelativistic at all times after matter-radiation equality.

Although the distribution function is peaked at low
momentum, there is a striking difference between the
minimal and conformal coupling cases. In the MC case
Ny~ 1/k%, whereas for CC N ~1/k as k — 0. This
difference can be traced to the difference in mode functions
during the inflationary stage as displayed by Eq. (3.12),
because during the RD era a” = 0 and the mode equation
and mode functions are the same for MC and CC. During
the inflationary stage a” # 0 and minimally coupled fields
with masses m < Hyg feature an infrared enhancement,
which propagates through the matching conditions into the
Bogoliubov coefficients.

Note that unlike the MC case, in the CC case the
Bogoliubov coefficients Ay, By do not depend on the scale
of inflation Hug, and this is also a consequence of the
infrared enhancement of MC light fields during inflation,
encoded in the factors 1/kn in the MC mode functions.

During the RD era both minimally and conformally
coupled fields obey the same equations of motion because

" =0 in RD; hence the mode functions f(n) are
obviously the same in both cases. The difference in
behavior for # > n, emerges from the different matching
conditions with the mode functions during inflation. This
leads us to conclude that most of the difference in particle
production between these cases is a consequence of the
evolution during the inflationary stage.

IV. NONADIABATIC PARTICLE PRODUCTION

In the expansion of the field in terms of the exact mode
functions (3.1) the annihilation and creation operators az,
a% are time independent. Following [34-36,59,60] we can
introduce time dependent operators by expanding in the
basis of adiabatic out particle states. Introduce the zeroth-
order adiabatic modes

~ e—t’f" o (n)dif
W) =—=—==—1  on) = /K +m*a*(n).
2w (n)
(4.1)
and expand the exact mode functions g, (1) as
9e(n) = Ay (n)fi(n) + B (n) i (n) (4.2)

and the 7 derivative (canonical momentum) [34,59,60]

g(n) = QA (n) fr(n) + Q5 () By (n) 1 (n).

With

(4.3)

k() = —iwy () + Vi(n). (4.4)

with V() a real function it follows that the Wronskian
condition (3.3) yields

()P = [By(n)? = 1. (4.5)

Inserting the ansatz (4.2) and (4.3) into the mode
equations yields the coupled equations of motion for the

coefficients A, (1), Bi(n), obtained in Refs. [59,60]. The
relations (4.2) and (4.3) can be inverted to yield the
coefficients [59]

Ac(n) = ifi(m)lg(n) — Qc(m)gi(n)].
By(n) = =ifc(n)[g(n) — Qi(m)gi(m)].

(4.6)
(4.7)

Different choices of the real functions V(5) yield
different dynamics for coefficients A, (), Bi(17) [59,60].
Taking, for example, V(1) = 0 corresponds to the lowest
(zeroth) adiabatic order, and another choice, V,(n) =
w,()/2w;(n), yields a first adiabatic order correction
[59,60]. For both of these values, the continuity of a(y),
H(n), gc(n), g,(n) across the inflation to RD transition
implies the continuity of the coefficients A,(1), By(n).
Namely particle production is a continuous process across
the transition, and not a consequence of the assumption of
instantaneous reheating.

The difference in the 5 dependence of the coefficients A,
B for these two choices has been studied in Ref. [60].
Introducing the expansion (4.2) into (3.1) yields

argi(n) + a' g;(n) = cg(Feln) + ¢ 0 Fi(n).  (4.8)
where

cz(n) = agAc(n) + a' Bi(n);

ci(n) = arAi(n) + a_gBy(n). (4.9)
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Therefore the number of adiabatic particles at a given
time 7 is
N(n) = (Olel(n)e;(m)[0) = |Be(n)]*.  (4.10)
We now choose to expand in the basis of the zeroth-order
adiabatic out particle states, by setting V() = 0. Note that
if gx(n) coincides exactly with the adiabatic mode function
Fie(n), then A, () = 1; By(n) = 0, and there is no particle
production.
During the inflationary stage with a(n) =1/Hys(1—2nz)
and 7 < ng, the mode functions g, (1) are gg(n) given by
(3.12). As n - —o0 (n < ng) these approach the adiabatic

mode functions f(i7), and hence it is straightforward to
find that

Ar(n) = 1; B(n) — 0, (4.11)
yielding as n - —o0
Nl = =) =0, (4.12)

namely the initial vacuum state. For superhorizon wave-
lengths, kn <« 1, the exact mode functions for MC in
Eq. (3.12) differ drastically from the adiabatic ones leading
to nonadiabatic particle production when the wavelengths
cross the horizon during the inflationary stage.

During the RD stage, for # > 7, the mode functions are
gy (n) given by (3.28) where f(#) are solutions of Weber’s
equations with out boundary conditions (3.21). At early
times after the transition 7 = 17z, the Weber functions £ (1)
differ drastically from f,(i7); however, asymptotically at
long time f,(n) coincide with f,(n) because of the out
boundary conditions (3.21). Therefore, for # > 5, at
asymptotically long time during RD, it is also straightfor-
ward to show that

Ay(n) = Ag + O/ w3); By(n) = By + O(w)/w});

(4.13)

hence the interpolating time dependent number of particles
yields asymptotically during RD

N> ng) = |Bif* = Ny (4.14)
This analysis highlights that the out particles are produced
during the time regimes where the exact mode functions
depart from the adiabatic ones. During inflation particle
production is substantially enhanced after horizon crossing
in the minimally coupled case and continues nonadiabati-
cally into the RD era during the regime of nonadiabatic
evolution (3.20). As clearly discussed in Ref. [60], different
choices of the real function V(n) yield different time
dependence of the interpolating particle number during the

nonadiabatic stages, precisely when particles are produced.
Nevertheless, the asymptotic number of particles coincide
with A for any definitions of V, that involve a higher
adiabatic ratio [60]. For example, choosing V,(n) =
ol (n)/2w%(n) as in Ref. [59], the asymptotic in and out
behavior as 7 — —oo and 5 > 5 remains the same because
the adiabatic ratio vanishes in the asymptotic limits.
Therefore, whereas the definition of particles and the
evolution of the time dependent interpolating particle
number depends on the particular choice of basis vectors
(adiabatic order) and the real function V (), the asymp-
totic (out) particle number N is independent of such a
choice.

During inflation, for a minimally coupled light scalar
field the mode functions are not adiabatic after the
corresponding wavelength becomes superhorizon, namely
as kn < 1 as evidenced by the exact mode functions for the
MC case given by Eq. (3.12). As we have stated above,
during the RD era after inflation, the Weber mode functions
are also nonadiabatic after the transition for superhorizon
wavelengths. The production of out particles occurs pri-
marily during the nonadiabatic evolution and is continuous
across the transition from inflation to RD domination. As
discussed above, this is a consequence of the continuity of
scale factor, Hubble rate, mode functions, and their
conformal time derivative across the transition.

For a CC light particle and with m/H 45 < 1, the mode
function in the inflationary era, given by Eq. (3.12) (CC),
does not differ substantially from fk(n); hence there is very
little production during the inflationary era, unlike the
minimally coupled case. Hence we expect, that the CC case
will yield a much smaller abundance, an expectation that is
confirmed by the analysis of the energy momentum tensor
below. Furthermore, during RD both minimally and con-
formally coupled fields obey the same equations of motion,
while the corresponding mode functions are drastically
different during inflation. Therefore, the difference in the
evolution for > 5y between these cases is imprinted from
the inflationary stage through the matching conditions.

While there is a quantitative difference in the dynamics
for different choices of V(#), the above statements remain
true for any choice consistent with the adiabatic expansion,
as demonstrated in the study of Ref. [60]. Furthermore,
regardless of the precise definition of an interpolating time
dependent particle number, ultimately what is needed to
understand the production of dark matter and its cosmo-
logical impact is the energy momentum tensor associated
with the ULDM field.

V. THE ENERGY MOMENTUM TENSOR:
RENORMALIZATION, ABUNDANCE, AND
EQUATION OF STATE

The energy momentum tensor for the real scalar field
¢(x) with generic coupling to gravity is given by
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:(1_2§)¢ﬂ¢u__(1_4§)gaﬁ¢a¢ﬁgﬂu 2§¢¢MU

1
(1 - 65) 2¢zg/w

¢

1
gﬂu¢|:|¢ - 5 R,uu - E (1 - 6§)Rgﬂu ¢2'

(5.1)

Writing ¢(x) in terms of the conformally rescaled field y(x) as in Eq. (2.4) and with the mode expansion (3.1) the
expectation value of the energy momentum tensor in the Bunch-Davies vacuum state defined by Eq. (3.8) in the spatially

flat FRW cosmology is given by’

O17%10) = p() = 5 — [ 2ard gt P + w2l P = (1= 62) | (g (n) + de(mai () = S g2 ) b,
dr*a*(n) Jo a a

(5.2)

OI7,10) = pla) =370 = 5z [~ Rak{ a2 lawCo = (1= 60) |l )P = Rt

an

a(n)

(gl (n) + ()i (n)) — (

where p(n) and P(n) are the energy density and pressure,
respectively. Using the mode equations (3.2) it is straight-
forward to show the covariant conservation of (0|7*,|0).
We note that the continuity of the scale factor, the Hubble
rate, and the mode functions and their conformal time
derivatives at the inflation-RD transition at 5z guarantees
the continuity of the energy density (0|7°,|0) as is evident
from Eq. (5.2). Hence particle production is not a conse-
quence of the approximation of a sudden transition but
rather a consequence of the nonadiabatic evolution, as
emphasized previously.

The instantaneous reheating approximation, with the
continuity of mode functions, scale factor, and Hubble
rate across the transition, cannot yield a continuity in a”.
The reason for this is physically clear: the expectation value
of the energy momentum tensor of the background in the
homogeneous and isotropic Bunch-Davies vacuum is of the
ideal fluid form (0|7*,0) = diag(p,—P,—P,—P) with
(0|7#,]0) = p—3P. The Ricci scalar R =6d"/a’
(0|T*,]0) = p — 3P, during the inflationary stage the equa-
tion of state is P = —p yielding (0|7*,|0) # 0, whereas in
an RD era P = p/3 and (0|7*,|0) = 0, hence a vanishing

(0[T%]0) = p(n) = 424 (n) Jo

- (1=69) | (ratnsn + 2insion - 1P |

'"We take the infinite volume limit with T3 i f or
*This neglects the conformal anomaly [61,62].

a"(n)
a(n)

a(n)

a(n)

_ <“/('7)>2> lge(m)|? + (1 = 6§)|gk(’7)|zmj| } (5.3)

Ricci scalar.” Therefore instantaneous reheating implies a
discontinuity in the Ricci scalar, hence a”. For the scalar
DM particle (0|7*,|0) given by (5.3) depends explicitly on
a”; therefore, while the energy density is continuous, the
pressure features a discontinuity as a consequence of the
change in the background equation of state for instanta-
neous reheating.

During the inflationary stage # < 1 the mode functions
are g; () given by (3.11) corresponding to the “in” Bunch-
Davies vacuum state. Therefore during this stage the energy
density is simply the zero point energy density associated
with the Bunch-Davies vacuum.

For n > ng, the mode functions in (5.2) and (5.3) are
9c(n) = g (n) = Arfi(n) + Bif}(n), with the Bogoliubov
coefficients given by Egs. (3.30) obeying the relation
(3.29). We now write (0|7%]0) in terms of the mode
functions f(n) describing the asymptotic particle states
with out boundary conditions. Since we are interested
in the energy momentum tensor near matter radiation
equality, we average over rapidly varying phases in the
interference terms of the form ff, f*f* (and derivatives).
We find

J +2Nk>{|f;<n>|2 L)

(5.4)
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(0[7%,10) =

_d()
a(n)

Felfe(n) + Fon) ) - (

where N, = |B;|? and used the relation (3.29). The next
step consists of expanding W, (r) defining the WKB form
of the mode functions (3.15) in the adiabatic expansion
(3.18). We follow the steps in Refs. [59,61,62] and expand
the expectation values of the energy momentum tensor up
to fourth order in the adiabatic expansion, with the result

p(n) = p () +p2 ) +pW ) + -+, (5.6)

(O7#,10) = TV () + T () + TW () + -+, (5.7)
where the superscripts refer to the order in the adiabatic
expansion. The respective contributions are similar to the
results of Refs. [61,62] but with the extra factor 1 + 2\, in
the integrand.

Of particular interest for this study are the zeroth
adiabatic order energy density and pressure, which are
given by

PO0) = s [ TR+ 2N )k, (59
o 2>
TO@) = m A R+ 20,7 (X) dk,  (5.9)
yielding
POr) =1 [p () = TOr)]

—;/w[1+2/\f]k—4dk
~122%a*(n) Jo S

The energy momentum tensor features ultraviolet diver-
gences that must be regularized and renormalized. This
is explicit at zeroth adiabatic order given by Egs. (5.8)
and (5.9), and the higher order adiabatic corrections can
be found in Refs. [61,62] by multiplying the integrand in
momentum by the factor 1+ 2A/,. Appendix B shows
some second order adiabatic contributions that yield ultra-
violet divergences in (T%) for N, = 0. These adiabatic
terms feature inverse powers of w; as befits the adiabatic
expansion, in particular 1/@,; 1/w; which yield quadratic
and logarithmic ultraviolet divergences.

For the minimally coupled case N, o« k™ at large
momenta [see Eq. (3.63)]. Therefore the terms with A
for the higher adiabatic orders do not contribute to the
ultraviolet divergences. Consider, for example, the second

(5.10)

a"(n)
a(n)

e [ Rak( + 2Nk>{m2a2<n>|fk<n>|2 (168 [|f’k<n>|2 — AP
- ( (’”)2) P + (1= 68) |2l P2 “”] } (55)

a(n) a(n)

adiabatic corrections p®), explicitly given in Appendix B,
as compared to the zeroth order contribution during the
radiation dominated area near matter radiation equality
(5.8) where it is suppressed by a factor

'\ 2 2 -31\ 2
oc(a—> 2<HR> 2(10 > , (5.11)
ma Maeg Mey
with much larger suppression factors for the terms of
higher adiabatic order. The same argument holds for 7(?),
for which several contributions are explicitly given in
Appendix B.

Renormalization The ultraviolet divergences in the
energy momentum tensor must be regularized and renor-
malized. For N/, = 0 such a program is well established
and has been thoroughly studied and implemented in
Refs. [35,59,61-66]. As discussed in detail in these
references, the ultraviolet divergences are absorbed into
renormalizations of the cosmological constant, Newton’s

constant G, and into the geometric tensors H,(,ly’z) which
result from the variational derivative of a gravitational
action that includes higher curvature terms o« R?, R'R,,.
These higher curvature terms are added in the action
multiplied by counterterms, which are then required to
cancel the coefficients of the geometric tensors in such a
way that the renormalized action is the Einstein-Hilbert
action.

Since our focus is to study the contribution from particle
production, namely N # 0, we absorb the full energy
momentum tensor for A'; = 0 into these renormalizations.
This is tantamount to subtracting the zero point or vacuum
energy density during the inflation and radiation eras.
After this subtraction and renormalization, only the terms
proportional to N in (5.8) and (5.7) are considered.

Since, as shown explicitly in Eq. (3.63), N, « 1/k* as
k — oo for the minimally coupled case, the corrections
of second adiabatic order and higher do not feature ultra-
violet divergences and are suppressed by factors of order
10752 /m2, near matter-radiation equality. Hence, we keep
solely the contribution of zeroth adiabatic order from
particle production. After renormalization and to leading
adiabatic order we find the contributions to the energy
density and pressure from particle production to be
given by

L / TN dk,  (5.12)
0
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PPl () = %Am%k”k(mj\/kkzdk
vi(n) = w;m : (5.13)

This result is noteworthy: the density and pressure are
exactly the diagonal components of a kinetic energy
momentum tensor describing a (perfect) fluid. Note that
the integrals are over comoving momentum; in terms of the

physical (local) energy E;(n) = 4 /kgh (n) + m?* and physi-

cal momenta k(1) = k/a(n) these expressions can be
written as

1 o0
P 0) =5z [ Flal B, (514)

PP (i) (5.15)

1 o] kph 5
:2—712% gkphmf[a(”)kph]kphdkph’

where

Fla(n)kon] = N (5.16)
is a frozen, i.e., a time independent distribution function of
produced particles. It is straightforward to show covariant
conservation, namely

/;(pp)(t) 4 3%(}0(@)(;) 4 P(pp)(t)) =0.

(5.17)

We highlight this result: the usual fluid-kinetic energy
momentum tensor emerges as the leading order (zeroth
order) in the adiabatic expansion after subtracting the
“vacuum” contribution which is absorbed in the renorm-
alization of the cosmological and Newton’s constant, and
cancel counterterms that multiply higher curvature terms
in the action. The full expectation value of the energy
momentum tensor during the nonadiabatic stage cannot be
written in the kinetic form in terms of the distribution
function; such simplification is only available during
adiabatic evolution.

As discussed above, in the minimally coupled case the
distribution function N, o 1/k* in the large k limit, and
therefore both the energy density (5.12) and pressure (5.13)
at zeroth adiabatic order feature a priori ultraviolet loga-
rithmic divergences. However, these divergences are
actually beyond the realm of validity of rwo of our main
approximations, (i) superhorizon wavelengths at the end of
inflation, namely knz < 1. As discussed in Sec. 111, taking
the upper bound on the scale of inflation, this condition
implies that kK < ueV, which is hardly an ultraviolet large
cutoff in momentum. Therefore, in principle and for
consistency, the momentum integrals must be cutoff at
this scale, and thus the “divergences” associated with

particle production are not physical. (ii) As discussed in
detail in Sec. VII the assumption of instantaneous reheating
will definitely not be warranted for subhorizon wave-
lengths, and the distribution function for these (large) wave
vectors (with k > ueV) may differ drastically from that
of the wave vectors that are super-Hubble at the end of
inflation. Hence, consistency with our main assumptions
implies that the contributions from particle production to
the energy momentum tensor must be cut off at a comoving
momentum scale ~/HgHgs ~ ueV for Hys ~ 10" GeV,
which corresponds to wavelengths longer than a meter.

Therefore, we regularize the integrals featuring A/, by
introducing a comoving upper momentum cutoff k. <
1/ng = \/HgrH 4. Because the distribution function N is
enhanced at low momentum we also include a lower
momentum cutoff ky;, ~ Hy corresponding to horizon-
sized wavelengths foday. Hence the energy density and
pressure from particle production are given by

1 kmax
PP () = ———— k2dk, 5.18
P (77) 271'2614 (77) . Nkwk (’7) ( )
1 Kina k2
PP () = Ny Kdk.  (5.19)

-~ 6n’a*(n) Ju,, i (1)

The abundance Q(a) and the equation of state w(a) are,
respectively,

(pp) 2
p'PP) (n) 3Hg -10 4
Qa) = ; =—~04x10 V)*,
(@) =770 pe= g E=04x100 (V)
(5.20)
PrP)(y
w(a) = (pp)() (5.21)
PP (n)

A. Minimal coupling
For the minimal coupling case N is given by Eq. (3.61)
in terms of the variable z defined by Eq. (3.54), and in this
case we find the abundance (5.20)

(0 = (7)o [l

:pca3(17) m 167% /.,

2 (2Hg 12 dz

at(n) \ m z
The minimum gz, provides an infrared cutoff, with
kuin =~ Hy, and it follows that z,, = Hy/\/2mHpg. Values
of comoving momentum k > m inside the integral of the
distribution function yield contributions that redshift as
1/a*(n), hence contributing to the radiation component.

The matter contribution for a(#) % a.q is extracted from
contributions to the integrals from comoving momenta

(5.22)

083516-14



NONADIABATIC COSMOLOGICAL PRODUCTION OF ...

PHYS. REV. D 101, 083516 (2020)

k < mae; hence we introduce an upper cutoff

2y < Magy/+/2mHy. Therefore for a(n) > a., we find
the contribution to the DM abundance

~ 5V ey H 2 [wD(z) _ 2
a0 =055 istteny | [ =ty
(5.23)

Taking as the maximum comoving wave vector k ~ mae,
and the minimum k ~ H,, it follows that z;, ~ \/mg, X
108 > 1 and z,,~H,//2mHg~10"'%/, /m., < 1; hence
1
D(zy) = 10783/ /me, <1 and D(z,,) =~ ﬁ%
integration by parts the integral in (5.23) is given by
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Upon
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where in the second term (integral) we have taken z,, — 0;
Zy — oo because the integrand vanishes fast at both limits,
and the remaining integral is carried out numerically.
Therefore to leading order we find

HdS 2 2mHR
Q. =2 | . 2
op 09\/mg, {1013 GeV} n[ Hy (5.25)

For a given value of m,, this equation yields the
contribution to the dark matter abundance as a function
of m,, and the only uncertain cosmological parameter H yg.
Requiring that the abundance Q,,, = Qpy = 0.25 gives the
dependence of the mass that yields the correct abundance
on Hgg, namely

e ]In]y/me] + 36] = 0.12 [m} " (5.26)

ds

For Hys =~ 103 GeV we find that the correct DM abun-
dance yields the value
m=~15x107 eV. (5.27)
The superhorizon approximation knp < 1 entails a
maximum value of the mass for which the approximations
involved are consistent. We have set the maximum value
of the momentum integral as kj; ~ mac, so as to capture all
the values of momenta that contribute to the (nonrelativ-
istic) matter contribution. For this upper limit to be
consistent with the superhorizon approximation it follows
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FIG. 4. In[g2] vs In[m,] for Hgs = 10" GeV. The blue-
shaded region corresponds to underabundance and the red-shaded
area to overabundance.

that the mass of the ULDM particle is constrained by the
upper limit

HdS
maean s Il =>m s 0.02 |:1013C}e\7

1/2
} eV. (5.28)
Figure 4 displays ln[%] with Qpy = 0.25 vs In[m,,]
for Hyg = 1013 GeV.

The pressure and equation of state are given by
Egs. (5.19) and (5.21), respectively. For the nonrelativistic
component describing a matter dominated “fluid” we take
wy(n) = ma(n) in the integrands. The remaining integrals
are similarly obtained with the above cutoffs. The equation
of state parameter is given by

o) 2 e [ D
3ma*(n) szMdz ’

Zm Z

(5.29)

taking z); = maeq//2mHy and z,, ~ Hy/~/2mH g we find

or(3/4) Gms)"/?

f <aeq)2. (5.30)
3T°(1/4) 1n[vV22Hx] \a(n)

H,

w(a) ~

Taking the value of the mass as given by (5.27) with
Hds ~ 10]3 GeV we flnd

W(@eq) 2.5 X 10714, (5.31)
For a nonrelativistic species we find
ka%kzdk P(n)
V2(n)) = ma)” 7 37 _ 3a). (532
(Va0 == X =3 = M) (53)

Therefore, indeed this is a very cold dark matter
candidate despite being so light. The main reason is that
the distribution function strongly peaks at small values of

083516-15



HERRING, BOYANOVSKY, and ZENTNER

PHYS. REV. D 101, 083516 (2020)

momentum. The redshift behavior of w(a) is that expected
for a nonrelativistic component.

1. Free-streaming length

The comoving free-streaming wave vector is defined in
analogy with the Jeans wave vector in the fluid description
of perturbations, namely [67]

2 o 4”Gpm(77) 2 . 3 Hsz
kfs(ﬂ) —Wa (n) =5 :

2(Veg)azg
where (V2(n)) is given by Eq. (5.32), which we have
written as

aly).  (533)

a(n) (5.34)

v = w2 (55)

As shown in Ref. [67] the cutoff scale in the power
spectrum is the comoving free-streaming length

Aro = =
. k‘f‘s'(aeq)

2n 2(V2)a }1/2
=2 AL dy, 5.35
) M (539)

where dy; = 1/Hy = 3 Gpc/h is the Hubble distance. This
definition differs from the usual definition of the comoving
free-streaming distance [y, during matter domination by
factors of O(1):

Iy = / Vo = [Vijas [ % (536)

During the matter dominated era it follows that

dn — 1 da
1 _H()\/QMLII/Q,

hence the free-streaming distance from matter-radiation
equality until ay~ O(1) is given by

Iy, =2 {%} 1/zd

(5.37)

(5.38)

M

Using the results (5.31) and (5.32) corresponding to
Hgs ~ 10" GeV, we find

A = Iig =~ 70 pe. (5.39)
This is the cutoff scale in the matter power spectrum;
thus we see that even for a very light DM candidate with
m =107 eV the cosmological production yields a very
cold species with a rather small free-streaming length

comparable to that of heavy weakly interacting massive
particles.

B. Conformal coupling

For the case of conformal coupling, the distribution
function \V; that enters in the abundance and equation of
state [(5.18)—(5.21)] is given by (3.68). The integral for the
density, Eq. (5.18), cannot be obtained in closed form.
However, A/} is solely a function of z = k/v/2mHy and
localized in the region 0 < z < 1 as discussed in Sec. III C
and displayed in Fig. 3. Furthermore for a(n7) ~ a.q this
region of comoving momenta corresponds to nonrelativ-
istic particles and we can safely replace w;(n) ~ ma(n)
inside the integrand in (5.18), yielding (near matter
radiation equality)

dk
(pp) — m k2 .
p (]/I) 613(17> /Nk 2”2 B

therefore the low momentum peak of the distribution
function entails that the density redshifts as nonrelativistic
matter.

Changing variables to z and writing N, = N (z), we find

1 m* [2HR]? [ 5

(5.40)

PP (n)

where zj; < magq/\/2mHg and the lower limit can be
taken to zero because the integrand does not feature an
infrared divergence.

The remaining integral is rapidly convergent and is
carried out numerically with an upper limit z ~ 20 [with
N (20) ~1072°], for which the integral yields the value
~(.01. Hence we find the abundance

i L [m R

=130 | ] <0
L) s (5.42)
~ a3(’7) X . .

Thus, even for m ~ (eV) the dark matter abundance for
conformally coupled particles is negligible. This is in
qualitative agreement with our expectations of a very small
abundance in this case, but implementing the framework
described in the previous section allowed us to obtain a
quantitative understanding of the abundance in this case.

The main differences with the minimally coupled case
can be traced back to the factors & = k#ny in Egs. (3.50) and
(3.51). These are a result of the behavior  1/(kng) of the
MC mode functions during the inflationary stage [see
Eq. (3.12)], a hallmark of the infrared enhancement of
correlations of nearly massless particles minimally coupled
to gravity in de Sitter spacetime. These factors result in the
infrared enhancement /', o« 1/k* and the factor H for the
MC case vs N o 1/k for the CC case.
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VI. ON ENTROPY PERTURBATIONS

Adiabatic and entropy perturbations from inflation have
been thoroughly studied in Refs. [S0-52], and we refer the
readers to these for details. In Refs. [50,51] the case of two
fields is studied in detail; this is the case that is most
relevant for our discussion: one of the fields is the inflaton,
the other is the ULDM field with action given by (2.1).
While the inflaton field develops an expectation value that
drives the inflationary stage, the ULDM does not acquire an
expectation value and is taken to be in its Bunch-Davies
vacuum state. In Ref. [50] “adiabatic” and “entropy” fields
are obtained from the fluctuations of the two fields around
their expectation value, by introducing a “mixing” angle
that depends explicitly on the time derivative of the
expectation values of both fields. The adiabatic field
represents a fluctuation along the background trajectory,
while the entropy field is the orthogonal combination in
terms of the mixing angle. We identify the ULDM field
with the second y-field in Ref. [50]. Since in our case this
field does not acquire an expectation value, it follows that
the mixing angle vanishes identically. In this case, the
inflaton fluctuations are the adiabatic field and the
ULDM field is identified with the entropy field.
Therefore, considering perturbations linear in the fluctua-
tions, the vanishing of the mixing angle implies that the
entropy perturbation does not source the long-wavelength
evolution of the comoving curvature perturbation, nor is
there any cross-correlation between the adiabatic and
entropy perturbations [see for example Eqs. (47), (48),
(52), and (55) and comment below Eq. (50) in Ref. [50] ].

Reference [68] focused on superheavy dark matter, and
following on previous study in Ref. [69] recognized that in
the case in which the dark matter field does not acquire an
expectation value the treatment of isocurvature perturba-
tions must be modified substantially. The authors of
Ref. [68] also recognized that when the superheavy dark
matter field does not acquire an expectation value (back-
ground) there is no mixing between the fluctuations of this
and the inflaton field to linear order.’

The treatment advocated in Ref. [68] defines the energy
density perturbation of the dark matter field as

d - d o
(T (%) — (T (3):)
p(dm> ’

8pim (3) = (6.1)

Pl =(: T (%)), (6.2)
where normal ordering is referred to the Bogoliubov rotated
vacuum state (see Ref. [68] for details) and identifies the
power spectrum of entropy perturbations from the spatial
Fourier transform of the connected correlation function,
namely

3See the discussion prior to Eq. (87) in Ref. [68].

3 > o
/ AT R 5pfam) (2)5p(0) (3 4 7)) o PAM(k).  (6.3)

(27)-

In free field theory the connected correlator in Eq. (6.3) is a
one loop diagram.

In Ref. [68] the expectation value p depends explic-
itly on the Bogoliubov coefficient $ associated with particle
production during inflation and vanishes identically when
this coefficient vanishes, which is the case in our study.

The above definitions do not apply to our case since
during the inflationary stage the quantum state in our
treatment is the Bunch-Davies vacuum state, and conse-
quently, the energy momentum tensor during this stage
describes the zero point energy density of this vacuum state.
There is no Bogoliubov coefficient f# and as per the result
Eq. (90) in Ref. [68] the energy density p(9™) given by (6.2)
vanishes identically. Furthermore, as discussed in Sec. V we
have renormalized the energy momentum tensor by sub-
tracting the full contribution from the zero point energy
density during inflation and the radiation eras. Therefore the
definition (6.1) cannot be applicable to our study.

There is another important caveat in the interpretation
of entropy perturbations advocated in Ref. [68]: as we
discussed in detail in Sec. V the expectation value of the
energy momentum tensor features quartic, quadratic, and
logarithmic divergences and requires subtractions up to
fourth adiabatic order to be renormalized. These aspects
had already been addressed in Refs. [34,61,62,65]. The
various divergences are absorbed into renormalizations of
the cosmological and Newton constants, but also in higher
curvature counterterms in the bare action (corresponding to

the tensors Hﬁ,},‘z) [61]).

Different regularizations (subtractions) yield different
finite contributions to the energy density; therefore the
finite contribution to the expectation value yielding p(9™ is
not uniquely defined and depends on the subtraction
scheme. As discussed in Sec. V we substract the full zero
point energy throughout the evolution. In fact, this pro-
cedure subtracts completely the zero point contribution
during inflation and radiation eras; hence in our case p(dm)
vanishes identically during inflation after renormalization.
This is the usual procedure in semiclassical gravity: for
example during inflation only the background (expectation
value) contribution is considered and in radiation domina-
tion only the finite temperature (kinetic) contributions to
the energy momentum tensor are considered. Furthermore,
there are several other caveats associated with the definition
of the power spectrum (6.3) proposed in Ref. [68] [see
Eq. (96) in Ref. [68] ]: (i) It is straightforward to show that
the kinetic term contribution to the energy momentum
tensor yields an ultraviolet divergence with the fifth power
of an ultraviolet cutoff to P (k). In Ref. [68] this
divergence in the kinetic contribution is not manifest
because this contribution is evaluated near the end of

(dm)
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inflation when the mode functions are dominated by the
superhorizon contributions and the integrals have been
cutoff in the ultraviolet, with an upper momentum a,H,.
But the leading ultraviolet divergences are similar to those
in Minkowski spacetime and dominate the earlier dynam-
ics. (ii) Even for the mass term contribution of the energy
momentum tensor, the one-loop connected diagram that
yields P9 (k) still features a linear ultraviolet divergence,
which was neglected in Ref. [68] because it is multiplied
by a function of time that becomes vanishingly small near
the end of inflation. (iii) unlike the renormalization of the
energy momentum tensor whose subtractions are absorbed
systematically into the parameters of the total action
(including higher curvature terms), there is no natural
manner to absorb the divergences in the power spectrum
(6.3). In Ref. [68] all the divergent integrals are cut off at
wave vectors ~a,H ,, namely those that cross the horizon at
the end of inflation. However, a complete treatment should
include a proper renormalization of the divergences and the
zero point energy. In our study, the fact that during inflation
the full energy density is the zero point corresponding to the
Bunch-Davies vacuum makes the framework to describe
nonlinear entropy perturbations advocated in Ref. [68] not
applicable to our case. Some of these caveats have been
recognized in Ref. [68].4

Entropy perturbations postinflation: The discussion
above has focused on the generation of entropy perturba-
tions during inflation and the applicability of the frame-
work introduced in Ref. [68]. However, the important
aspect is the impact of entropy (isocurvature) perturbations
upon the CMB. In the usual approach to cosmological
perturbations, adiabatic and isocurvature perturbations
during inflation provide the initial conditions of the
respective perturbations upon horizon reentry during the
radiation (or matter) dominated era. As discussed in detail
in Refs. [51,52], the initial conditions of isocurvature
perturbations are determined by the set of transfer functions
discussed in Ref. [51]. These, in turn, are proportional to
the mixing (or correlation) angle associated with the
expectation value of the entropy field [see for example
Eqgs. (44) and (45) in [52]], which in our case vanishes
identically. Furthermore, the framework introduced in
Ref. [68] does not apply to our case as discussed above.
Therefore, for the case that we study, the initial conditions
for isocurvature perturbations during the radiation domi-
nated era cannot be determined in the inflationary stage. As
discussed above, the energy momentum tensor during
inflation describes the vacuum zero point energy and is
completely subtracted out by renormalization. In the post-
inflationary stage it features three contributions: the vac-
uum contribution is subtracted out in the renormalization
procedure, the interference term is rapidly oscillating in
the adiabatic regime and therefore its expectation value

*See for example the comments after Eq. (86) in Ref. [68].

averages out on short timescales, and the contribution from
particle production, which in the adiabatic regime, features
the kinetic fluid form. It is this latter term that is the relevant
one (after renormalization) to understand dark matter
perturbations, the distribution function is completely deter-
mined by the Bogoliubov coefficient |B|>. The influence
of isocurvature perturbations on the CMB is a result of
solving the system of Einstein-Boltzmann equations for
linear cosmological perturbations, in which |By|? is the
distribution function of the unperturbed DM component,
and p,, (5.18) describes the background density. This set
of Finstein- Boltzmann equations must be appended with
initial conditions, which are determined from the respective
superhorizon perturbations at the end of inflation. From the
above discussion, it is clear that in the case that we study,
the proper initial conditions for isocurvature perturbations
remain to be understood at a deeper level.

The corollary of this discussion is that a proper definition
of the power spectrum of entropy perturbations in the case
when the fields do not acquire expectation values remains
to be understood at a deeper level. The caveats associated
with the renormalization of the energy momentum tensor
along with its correlations remain to be clarified in a
consistent and unambiguous manner. These include a
proper account of the fact that there is no natural manner
to renormalize the divergences in a power spectrum
obtained from the connected correlation function of the
energy momentum tensor. These remain even when the
zero point contribution to the energy density is completely
subtracted. The contribution of zero point energy correla-
tions to nonlinear perturbations merits deeper scrutiny,
since even the fluctuations of the inflaton yield zero point
contributions to the energy density and all other fields that
are either produced or excited postinflation presumably
also contribute to the zero point energy density during
inflation. A satisfactory resolution of these important
issues, necessary to quantify reliably the impact of non-
linear entropy perturbations is still lacking and is clearly
well beyond the scope of this study.

VII. DISCUSSION AND CAVEATS

On reheating: Reheating dynamics, namely the non-
equilibrium processes that lead to a RD dominated era after
the inflationary stage, are still being vigorously studied.
Most studies of reheating necessarily input particular forms
for the inflaton potential and model the couplings of
(standard model) particles to the inflaton and/or other
degrees of freedom thereby yielding model dependent
descriptions with widely different timescales depending
on unknown couplings and masses [54].

One of our main assumptions is that the transition
from the inflationary stage to the RD dominated stage is
instantaneous. The main physical reason behind this
approximation is that we focus on wavelengths that are
superhorizon at the end of inflation. The dynamics of the
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mode functions for these wave vectors is on long time-
scales, and hence insensitive to the reheating dynamics
occurring on much shorter timescales. Furthermore, in
principle, wavelengths larger than the particle horizon
are causally disconnected from the causal microphysical
processes of thermalization. While this assumption seems
physically reasonable, it must be tested quantitatively.
However, this requires studying a particular model of
reheating dynamics. While conclusions of a particular
model will not be universally valid, perhaps a simple
model that dynamically and continuously interpolates (with
continuous scale factor and Hubble rate) between a near
de Sitter inflationary stage and a postinflation RD stage
would illuminate the validity of the instantaneous approxi-
mation. Most likely such a study would require a sub-
stantial numerical effort to solve the mode equations during
the transition and matching to the solutions in the sub-
sequent RD era. Clearly such study is beyond the scope of
this article but merits further attention.

Inflationary particle production: During the RD era the
equations of motion are the same for MC and CC fields
because a”(n) = 0. However, during inflation the equations
of motion for the two cases are very different, yielding the
drastically different solutions given by Eq. (3.12). Whereas
the mode functions for the CC case are “close” to the
adiabatic mode functions, those of the MC depart substan-
tially when the wavelength becomes superhorizon ky <« 1.
This difference is imprinted on the evolution of the mode
functions for # > np through the matching conditions
(continuity of function and derivative at ng). The results
from the CC case confirm negligible particle production in
this case, this leads us to conclude that the largest contri-
bution to particle production in the MC case occurs during
the inflationary stage. This conclusion is bolstered by the
analysis of Sec. IV, where it is shown that the MC mode
functions depart substantially from the adiabatic ones for
superhorizon modes thus resulting in substantial particle
production, whereas those for the CC case are similar to the
adiabatic ones with little particle production.

Bose Einstein condensate vs distribution function: We
have shown that for minimally coupled ultralight particles
the distribution function peaks at very low comoving
momentum with N, o 1/k3. As discussed in the previous
section the distribution function of the produced particles
“inherits” the infrared enhancement of the mode functions
of minimally coupled ultralight particles during the infla-
tionary era (taken to be a de Sitter spacetime). This
enhancement, however, does not imply Bose Einstein
condensation, particle number of the real scalar field is
not conserved, and the field does not acquire a vacuum
expectation value. Namely, there is no off-diagonal long
range order and no expectation value that would break a
U(1) symmetry both of which are typically associated with
Bose-Einstein condensation. The description of this ULDM
is in terms of the contributions to the energy momentum

tensor. This is very different from the phenomenological
Schrodinger-Poisson equation advocated for “fuzzy”
dark matter [16—18] which relies on a ‘“many-body”
Schrodinger-like wave function for a classical order param-
eter field akin to the Gross-Pitaevskii equation (nonlinear
Schrodinger equation) for a superfluid. In many body
physics such an equation is typically obtained from a
variational derivative of the expectation value of a many-
body Hamiltonian in a coherent state [70].
Self-consistency and backreaction: We have taken the
cosmological expansion as a RD background, neglecting
the contribution of the (ULDM) to the radiation compo-
nent. Such a contribution is obtained from the momentum
region with k > ma,, in the integrals for the density and
pressure. In principle this contribution modifies the ulrar-
elativistic content of the plasma contributing a term that
redshifts such as radiation « 1/a*(7) and, in principle,
should be treated self-consistently. However, we consider
that the RD era is dominated by the ~100 ultrarelativistic
degrees of freedom of the standard model (and possibly
beyond); therefore the contribution of 1 extra degree of
freedom can be neglected as a first approximation.
Lower bound on abundance: Including possible inter-
actions with either the inflaton or other fields within or
beyond the standard model entails additional production
mechanisms for a very long-lived DM particle. Production
from reheating or from other mechanisms only increases the
abundance, and loss mechanisms, such as decay, will occur
on timescales comparable to or larger than the Hubble time
today. Therefore, this study yields a baseline for the
production of ultralight dark matter particles; any other
production mechanism will increase the abundance. This is
an important corollary of our study: this simplest of models
describing the darkest of dark matter (only gravitational
interactions) yields an abundance from nonadiabatic particle
production which must be accounted for in any model of
ULDM particles featuring interactions. Thus the abundance
resulting from this mechanism is a lower bound to the
abundance of any interacting species of long-lived (ULDM),
and applies, for example, to axionlike candidates.
Similarities and differences with vector dark matter
production: The production of a massive vector boson
during inflation has been recently studied in Ref. [71].
The authors show that the longitudinal component behaves
similarly to a massive, minimally coupled scalar field,
whereas the transverse components are conformally
coupled to gravity. Remarkably, in this reference it is
found that the abundance of the longitudinal component is
very similar to the result Eq. (5.25) above (up to loga-
rithmic contributions). While the equivalence between the
longitudinal component and a massive, minimally coupled
scalar field is, perhaps, expected, the origin of the similarity
in the abundance is by no means clear to us.
In particular, we match the mode functions with “in”
(Bunch-Davies vacuum) boundary conditions during
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inflation to the exact mode equations in the radiation
dominated era with “out” boundary conditions determined
by the positive adiabatic frequencies at long time near
matter radiation equality, with the matching conditions
described in Sec. III. Furthermore we obtain the full energy
momentum tensor, confirm covariant conservation, and
identify the particle production contribution after the proper
renormalization and well into the adiabatic regime when the
renormalized energy momentum tensor attains the kinetic
form in terms of the distribution function. Finally, the total
matter density is obtained from the integral of this dis-
tribution function, which again is extracted during the
adiabatic regime. While perhaps all of these aspects are
somehow included in the scaling argument in Ref. [71], we
have not been able to find the proper equivalence between
our treatment and the framework of Ref. [71]. However,
this aspect notwithstanding, the similarities between the
abundance in both results is remarkable.

Caveats: The result (5.26) implies that for a very low
inflation scale, namely with Hyg < 10'3 GeV and for a
fixed, given mass m.,, the ULDM gravitationally produced
yields a much smaller abundance. Or, equivalently, the
value of the mass that yields the correct DM abundance
increases substantially, whereas consistency of the
approach requires the upper bound given by (5.28).
Since there is a large uncertainty on the scale of inflation,
to be resolved by a clear measurement of primordial
gravitational waves (or the tensor-to-scalar ratio), it is
possible that a very low scale would lead to a revision
of the assumption on instantaneous reheating. Furthermore,
the only direct observational evidence of a RD era is from
big bang nucleosynthesis via the primordial abundance
of light elements; this scale, however, corresponds to a few
MeV. Thus it is possible that the reheating temperature is as
low as a few MeV [72]. If this were the case, a very large
discrepancy between the scale of inflation and the reheating
temperature cannot be accommodated within the instanta-
neous reheating approximation because modes that are
superhorizon during inflation may reenter during the
dynamical evolution between the end of inflation and
the RD stage, thus modifying the final distribution function
even for long wavelengths. Such a large discrepancy will
require a fundamental understanding of the cosmological
evolution between the two eras suggesting that there
may be a long epoch after the end of inflation that is
not described by a RD cosmology. This scenario would
invalidate one of our main assumptions and require a
completely different approach to describing cosmological
production, and at the fundamental level, a complete
revision of assumptions on postinflationary cosmology.

VIII. CONCLUSIONS

We have studied the nonadiabatic cosmological produc-
tion of ultralight dark matter particles under a minimal set
of assumptions: a single ultralight real scalar field that only

interacts with gravity and no other field, it is a spectator
field in its Bunch-Davies vacuum state during inflation, it
does not contribute to the inflationary dynamics nor to any
linear metric perturbation (such as isocurvature). We focus
on superhorizon wavelengths after inflation, since these are
the cosmologically relevant scales for structure formation,
and assume an instantaneous reheating into a RD cosmol-
ogy. The cases of minimal and conformal coupling to
gravity are analyzed separately. The mode equations in
either case are solved exactly both in the inflationary and in
the RD eras with a continuous matching of scale factor,
Hubble rate, mode functions, and conformal time derivative
at the transition. These continuity conditions imply the
continuity of the energy density across the transition.
The out particle states are carefully defined in terms of
the zeroth-order adiabatic states at an asymptotically long
time after the transition, and these states are locally
identified with particle states as in Minkowski spacetime.
The matching conditions at the transition between inflation
and RD yield the Bogoliubov coefficients from which we
obtain the distribution function of produced particles. We
establish a correspondence with a (conformal) time depen-
dent particle number by introducing an adiabatic basis of
out particle states and show explicitly that particle pro-
duction is a direct consequence of nonadiabatic cosmo-
logical evolution during inflation and well into the RD era.
We show that for a mass 10722 eV <m cosmological
evolution becomes adiabatic well before matter-radiation
equality. The number of produced particles only depends on
cosmological parameters. Whereas a conformally coupled
light scalar particle is produced with negligible abundance,
there is substantial production for minimally coupled light
particles with masses much smaller than the Hubble scale
during inflation. The distribution function of minimally
coupled light fields features an infrared enhancement
“inherited” from the inflationary stage yielding a behavior
N « 1/k3 at small comoving wave vectors. We obtain the
full energy momentum tensor for the ULDM from which
we obtain the energy density and pressure near matter-
radiation equality after renormalization, which is per-
formed by subtracting the zero point energy density during
inflation and radiation domination. An important result
is that the fully renormalized energy momentum tensor
coincides with the fluid-kinetic one at zeroth order in the
adiabatic expansion. The abundance and equation of state
depend solely on the mass and cosmological parameters,
in particular the scale of inflation for the minimally
coupled case. The main results of this study are the
following, for a minimally coupled ULDM: the ratio
of the abundance of produced particles Q,, to Qpy is
given by

Q + 2
2% _ m m ¢V
. 8.36{ /M [In[/me,] 36]}Lo” Ge } ’

M
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where m., = m/(eV) and Hgg is the Hubble scale during
inflation. For the upper bound on the scale of inflation
from Planck [53] Hgg~ 103 GeV, we find that the
produced particles saturate the DM abundance for

m=~15x%x 1075 eV.

For this value of the mass we find the equation of state
parameter at matter-radiation equality

W(deq) = 2.5 x 10714,

and a free-streaming length (cut-off scale of the matter
power spectrum)

Ags 270 pe. (8.1)
Therefore the produced particles while very light are
a cold dark matter candidate with a free-streaming
length comparable to that of weakly interacting massive
particles.

This is the simplest model for the darkest of ULDM
since this particle only features gravitational interactions.
As such, the results for the abundance provide a lower
bound and a baseline for the abundance of any ULDM
candidate with a lifetime equal to or longer than 1/H,.
Interactions with degrees of freedom of the standard

model or beyond that leads to particle production will
|

only increase the abundance. This lower bound applies to
axionlike particles and must be accounted for in the DM
contribution of any ULDM candidate. A study of cosmo-
logical production of fermionic degrees of freedom will be
reported elsewhere [73].
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APPENDIX A: CONNECTION BETWEEN
THE MODE FUNCTIONS (3.40)
AND WKB ASYMPTOTICS

The mode functions (3.40) can be written as

_ | Fxa)|

—ig(x,a)
(SmHg) A

fi(n) (A1)

’

with x, a defined in Eq. (3.34). For |a| > x? the Weber
function features the asymptotic behavior [55]

1 x? (2mHg)"/* 1
- 1" | =X | —ZmPHZ2? 4 ...
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And for x> > |q
2 a 2 k?
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Up to an overall constant phase these expansions coincide with the expansions of
ot [ o dnf
= A4
fi(n) PO (A4)

in both limits k > mHpy and k < mH gy, respectively.

APPENDIX B: SECOND ORDER ADIABATIC CONTRIBUTIONS TO T,

We gather the results of the second adiabatic order for the expectation value of the energy momentum tensor (see

[61,62]).
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The terms with 1/wy; 1/ a)z yield ultraviolet divergences for N; = 0, which are subtracted and absorbed into the

renormalization counterterms as discussed in Sec. V, whereas the term proportional to A, yields ultraviolet finite
contributions because A/, < 1/k* at large k. During the RD dominated era and near matter-radiation equality, these terms

are suppressed by a factor
a\? 107
“\ma)  mi

with respect to the zeroth-adiabatic order contributions (5.9) and (5.10). A similar analysis confirms that the terms of the
fourth adiabatic order which features N\, in the integrand are much further suppressed and can be safely neglected.
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