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ABSTRACT: A quantum theory of massive Abelian vector bosons with non-minimal cou-
plings to gravity has been studied within an evolving, isotropic, and homogeneous gravita-
tional background. The vectors may play a role of dark matter if stabilizing Z5 symmetry
is imposed. In order to construct a gauge invariant theory of massive vectors that couple to
the Ricci scalar and Ricci tensor, a generalization of the Stuckelberg mechanism has been
invoked. Constraints that ensure consistency of the model had been formulated and corre-
sponding restrictions upon the space of non-minimal couplings have been found. Canonical
quantization of the theory in evolving gravitational background was adopted. Mode equa-
tions for longitudinally and transversally-polarized vector bosons were derived and solved
numerically. Regions of exponential growth in the solutions of the mode equations have
been determined and discussed in detail. The spectral energy density for the three polar-
izations has been calculated, and the UV divergence of the integrated total energy density
has been addressed. Finally, assuming their stability, the present abundance of the vector
bosons has also been calculated.
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1 Introduction

The mystery of dark matter (DM) still remains unexplained. Although there exists an
overwhelming experimental evidence confirming a presence of a dark sector through its
gravitational effects on visible matter, a deeper understanding of its fundamental nature



has yet to be achieved. In pursuit of this, a plethora of DM models have been proposed,
the vast majority of which introduce not only new dark degrees of freedom but also beyond
the Standard Model (BSM) couplings, for a recent review see Ref.[1, 2]. Usually, theories of
DM postulate some interactions between the SM degrees of freedom, DM particles and /or
mediators connecting dark and visible sectors. The proliferation of DM scenarios accom-
panied by BSM interactions has inspired astroparticle physicists to explore more minimal
DM theories, which do not require BSM beyond the mere existence of DM particles [3-7].

A plausible dark matter model should not only offer a compelling explanation for its cos-
mological origin but also predict the existence of stable, non-relativistic DM relics with an
abundance consistent with the experimental data measured by the Planck collaboration [8].
The absence of evidence for non-gravitational interactions of DM renders the purely gravi-
tational dark matter scenario exceptionally intriguing and conceptually elegant. In recent
years, this model has garnered significant attention, particularly due to the fact that it has
been demonstrated that gravity itself can be the sole and sufficient source of dark particles
[9-24]. The purely gravitational production of dark matter is a broad topic, encompassing
a variety of phenomena, whose origins are rooted in gravitational interactions. For an ex-
cellent recent review, see Ref.[25]. In this work, we focus on the production of dark particles
from the vacuum in the early Universe, driven solely by the non-adiabatic expansion of the
background metric. This process has been explored in the context of spin-0 [3-7, 12, 26-28|,
spin-1/2 [12, 29|, spin-1 [30-36], and even spin-3/2 [37], or spin-2 [38] particles. In most
studies on dark matter, the discussion is often limited to the minimal scenario, where dark
particles are only minimally coupled to gravity. However, it has been demonstrated that re-
laxing this assumption is well justified and and can have significant consequences for scalar
particles [26, 27|. The theory of massive spin-1 field does not preclude the existence of addi-
tional non-minimal couplings to gravity. Such possibility in the context of dark matter has
been first highlighted in Ref.[32] and subsequently discussed to some extent in Ref.[33, 34].
Recent works [35, 36, 39| provide a more comprehensive discussion of the phenomenology
of non-minimally coupled vectors, identifying instabilities of the model and exploring its
viability as a dark matter candidate. The aim of this work is to extend our previous study,
where we explored the gravitational production of minimally-coupled spin-1 dark matter
[31], by offering a more detailed analysis of the dynamics of non-minimally coupled vec-
tors. Specifically, we allow for non-minimal couplings between the vector field and both the
Ricci scalar and Ricci tensor. Additionally, we examine the dynamics of the vector field in
the post-inflationary universe, considering two reheating scenarios: one with a matter-like
equation of state and the other with a radiation-like equation of state. While our analysis
remains closely related to the works of [35, 36|, it provides a more thorough study of the
phenomenology and cosmic evolution of non-minimally coupled vectors, extending the work
in Ref. [36] by discussing the dynamics of the transverse modes, incorporating two distinct
reheating models, and discussing the consequences of the applied regularization scheme.

This article is organized as follows. In sec. 2, we describes dynamics of the early universe,
considering the evolution of the inflaton field during and after inflation. Non-minimal cou-



plings of vector fields to gravity are introduced in sec. 3. Sec. 4 discusses constraints imposed
upon non-minimal couplings. In this section, we derive robust limits on the parameters of
the model, enabling us to identify the stable region of the theory that is free from insta-
bilities. In sec. 5, we show and discuss properties of solutions of the mode equations for
three physical polarizations of the vector field during and after inflation. Then, in sec. 6, we
derive the full expression for the energy density of the non-minimally coupled spin-1 field,
investigate its cosmic evolution, discuss diffrent methods of regularization, and calculate the
relic abundance. Sec. 7 contains summary of our findings and outlines potential directions
for future work.

2 Background dynamics

2.1 Cosmic inflation

Let us assume that the dynamics of the primordial universe is governed by a single scalar
field ¢ with a minimal coupling to gravity. Its action is given by

So= [ dov=g nga“cb #o- V(o) @.1)

where g denotes the determinant of a metric tensor g,,. Hereafter, we will consider the
above action in the spatially flat FLRW metric with the following line element:

ds* = dt* — a®(t)dz* = a®(7) [dr* — d7?], (2.2)

with a being the scale factor, and 7 denoting the conformal time coordinate.
Above, V() represents the potential term for the inflaton. As concrete examples, we
explore the a—attractor T model [40-42],

‘¢| > A47 ‘¢| > \/GZMPlv

V(¢) = A tanh®” ( ~ 2 (2.3)
V6o Mpy At (\/g]‘wpl) . ol < V6aMpy,

with A representing the scale of inflation, and n,« being parameters of the model. Note
that A is bounded from above such that [43]

37'('2 1/4
A ~ Mp <2m§> < 5.6 x 1073 Mpy, (2.4)

where 7 is the tensor-to-scalar ratio, and A2 denotes the amplitude of scalar perturbations
measured at the pivot scale kSMB [8] i.e.,

A2 = A2(ECMB) = 2.1 x 1077, (2.5)

In what follows, we will use the benchmark values of @ = 1/6 and A = 3-1073 Mpy, together
with two well-motivated values for the exponent n corresponding to the quadratic (n = 1)
and quartic (n = 2) potential near the minimum.



Varying the action (2.1) with respect to the metric tensor yields the energy-momentum
tensor of the inflaton field

1 g
T = 040 00 — G | 5977056 00 = V(9) (2.6)
The (0,0) component of T[fy for a homogeneous inflaton field, ¢(t, Z) = ¢(t), takes the form
1.
p=T0" =50 +V(9). (2.7)

where ¢ = d¢ /dt. The isotropy of the background metric implies that all mixed components
vanish, TZ% = 0, while the diagonal (i, ) spatial components, representing the pressure, are

1

S¢* = V(9). (2.8)

p=2

The dynamics of the inflaton field is described by the classical equation of motion,
¢+ 3Ho+Vy(0) =0, (2.9)
where V4 (¢) = 0V (¢)/0¢, and H = a/a denotes the Hubble rate.

n=1 n=2
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Figure 1. Upper panels: Evolution of the inflaton field during and after inflation for two choices
of the inflaton potential, i.e., quadratic (left) and quartic (right). Lower panels: Evolution of the
equation-of-state parameter w. The colored dots indicate the value of the field amplitude and the
value of w = —1/3 at the very end of inflation. Hereafter a. denotes the scale factor at the end of
inflation. The initial value of the ¢ field is chosen such that one gets 60 e-folds of inflation, and for
the quadratic (quartic) potential it is equal @iy = 3.41Mp) (Pin; = 3.76 Mpy).

Assuming that the total energy budget of the early universe is dominated by the inflaton
energy density, the evolution of H is determined by the Friedmann equation

H? = 3]\1@1 <;<152 + V(¢)> . (2.10)



The solutions of the inflaton equation of motion for the two values of n are illustrated
in Fig. 1. Two phases can be identified in the dynamics of the ¢ field: the slow-roll
period and the oscillatory stage. The termination of the former coincides with the end of
inflation, which happens when & = 0. After that moment, the inflaton starts to oscillate
with a decreasing amplitude. For completeness, in Fig. 2 we also present the corresponding
evolution of the Hubble rate.
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Figure 2. The Hubble rate H (purple solid line) and its analytical approximation, (2.11), (green
dashed line), H,, as a function of the number of e-folds in two reheating scenarios: with quadratic
(left) and quartic (right) inflaton potential. For completeness we also show the evolution of the
Ricci scalar (blue line). The solid (dashed) parts of these curves corresponds to R < 0 (R > 0).

2.2 Reheating

In the standard cosmological scenario, the universe undergoes a reheating phase after the
end of inflation, during which the energy density accumulated in the coherent oscillations
of the inflaton is gradually transferred to the Standard Model sector [44-49|. This energy
injection is typically achieved through direct interactions between ¢ and relativistic de-
grees of freedom. The duration of reheating is determined by the strength of the ¢ — SM
coupling. In various realistic models, reheating is never instantaneous; thus, it is more
appropriate to distinguish the epoch of reheating preceding the early radiation-dominated
era [17, 18, 50, 51].

The phenomenology of reheating may involve not only perturbative processes, such as
decays of inflaton quanta or scattering events, but also a plethora of non-perturbative phe-
nomena, including resonant particle production [46, 47, 49|, tachyonic enhancement [52-55],
and back-reactions [56, 57]. This implies that the description of the post-inflationary dy-
namics is highly model-dependent. On the other hand, gravitational production of spin-1
fields is not very sensitive to the details of reheating, provided that the energy density of
the primordial plasma remains a subdominant component of the total energy budget and
that the vector field X, does not have direct couplings to the visible sector.



For the purpose of this work, we assume that after the end of inflation, the universe under-
goes the reheating phase, during which the inflaton oscillates around the minimum of its
potential, and transmits its energy to the SM sector. The character of the inflaton oscilla-
tions depends on the shape of the inflaton potential near its minimum (2.3), whereas the
efficiency of reheating, and thus its duration, is determined by the form and the strength
of the inflaton-matter coupling. Remaining agnostic about the physics of reheating, we will
parameterize our ignorance by introducing three quantities that characterize the duration
of this epoch: {w, Hyy, Ty}, where w = (p)/(p) with (---) denoting an average over one
oscillation period. !

Adopting (2.7) and solving one-period averaged inflaton equation of motion (2.9) together
with the Friedmann equation (2.10) one can find the following approximate solution for the
Hubble rate in terms of the scale factor

3 (1+w)
H(a) ~ H, (%)2 v (2.11)
a
where H, = H(a.). Consequently, its value at the very end of reheating is
e 2 (1+w)
Hy, = H(aw) = He . (2.12)
Qrh

Note that the temperature of the thermal bath at a = a,,, which we refer to as reheating
temperature, is then

T = (90M§1H2h> " (2.13)

rn — b .
7r29*,rh ’

with g, being the number of relativistic degrees of freedom at the end reheating. The

consistency with the predictions of Big Bang Nucleosynthesis imposes the following lower

bound on Ty, [59-61]:
Ty, > 4 MeV. (2.14)

In Fig. 2, we compare the evolution of H(a) and the Ricci scalar R(a) for two reheating
models with n = 1 and n = 2. For completeness, we also plot the analytical approximation
for the Hubble rate (2.11), which matches the numerical solution very well in the region
a > a.. In addition, in realistic models of inflation, H(a) is not exactly constant between
the onset (Hip;) and the end of inflation. Instead, it slowly decreases with a typical variation
of the order of Hy ~ 0.15Hjy;.

'For the power-law inflaton potential, V oc ¢*", the averaged equation-of-state parameter @ can be
related to the exponent n through the following formula [58]:

n—1

’U}Zn+17

for a < [ae7 arh]:

where ae (arn) is the scale factor at the end of inflation (reheating) while the end of reheating is defined by
the condition p(a;n) = pr(arn) where pr denotes the energy density of radiation.



3 Spin-1 spectator field with non-minimal couplings to gravity

Our intention is to quantify the production of vector particles arising solely from the non-
adiabatic expansion of the background metric in the early universe. To that end, we examine
the dynamics of a massive spin-1 gauge boson, X,,, non-minimally coupled to gravity, whose
action is

)

2
Sx = /d4x\/ { ~ Mg P X Xop + %QWXMX - QQWRX#XV + RWX Xy }

(3.1)

where, X, = 0,X, — 0,X,, while R, and R = g, R*" represent the Ricci tensor and
scalar, respectively. The parameters & and & are dimensionless coupling constants that
characterize the non-minimal interactions of X,, with gravity.

Let us emphasize that the mass of the X, field, mx, can be generated via the classical
Stueckelberg mechanism [62], or equivalently, by taking the appropriate limit of the Higgs
mechanism [63]. However, in this context, we encounter not only a gauge-breaking mass
term but also an additional source of gauge non-invariance due to the direct, non-minimal
couplings to R and R,,,. Therefore, the following generalization of the classical Stuckelberg
mechanism is required:

Sx = /d4x\/ { —ghg” ’BXW,XQB + (3.2)

10, R ,, . R™
+§ |:g# - 61 Tg'u + 52 (allq)X + mXXV)(a,u(I)X + mXXu)} s
My My

where ®x stands for the Stuckelberg real scalar field. Note that the sign in front of the
kinetic term for ®x is fixed to be positive, whereas the signs in front of the R/ m?X and
R /m% terms are arbitrary. The action above remains invariant under the following local
Ux (1) transformation:

X, (z) = Xu(z) + 9\ (2), (3.3)
dx(z) = x(z) — mxA(x).

By choosing the unitary gauge, i.e., selecting A\(z) such that dx = 0, we recover the action
(3.1). Accordingly, throughout the remainder of this work, we will continue to use the
action (3.1) in the spatially flat FLRW metric, with the line element given by (2.2).

It is important to emphasize that in this work, the X, field is treated as a spectator
field during inflation and reheating, meaning it does not influence neither the background
metric nor the inflaton field configuration. In other words, this assumption implies that
the gravitational production of dark vectors has a negligible impact on the dynamics of the
primordial universe, with the dark sector becoming relevant only at later stages, such as
during the post-radiation epochs.

Next, by going to the Fourier space,

3 .7 =
X, (r.2) = / Tr ¢ (7 k)it (3.5)



one can show, see e.g., [32], that the action Sx for the two transverse modes T' = + and
the single longitudinal mode L, representing the three physical degrees of freedom of X,
is given by

Pk (1 1
St = Z /dT/ W {2‘X!I‘|2 - §[k2 + a2mgff,x”XT‘2} ) (36)

Bk (11
s.= [ar [ G { MR = gefmin e} 37)

where k2 = |k|2, 7 = d/dr, and

\/k:2 + a2mgﬂ,t(a)

AL = AL(CL, ]{?) = ameﬂt(a) (38)
M = M) = Mk — 6R(0) + SER() ~ &H(0), (39)
mag, = meg(a) = m — &1R(a) + %&R(a) + 36 H?(a). (3.10)

A few remarks are here in order. Firstly, the time component of the X, field does not
have a kinetic term [31], making it an auxiliary degree of freedom that can be integrated
out. Furthermore, the action St takes the form of the action for a scalar field with a time-
dependent mass, m? = msz,x(a) [25]. On the other hand, from Eq.(3.7), one can see that
the kinetic term for the longitudinal polarization is not canonically normalized. Moreover,
by examining Eq.(3.10), one observes that mgﬂpvt (a) does not have a definite sign. Therefore,
there may be regions in the (£, &2) parameter space where the kinetic term of X1, becomes
negative, leading to the so-called ghost instability [32, 35, 64].

To discuss the evolution of X, it is instructive to perform the following transformation
of its longitudinal component:

X, = ALxp, (3.11)

such that the action Sy, expressed in terms of the redefined field X7 has a proper kinetic

1 d3k7 112 A/L ! % */ 2,2 2 A/L ? 2
2/d7’/(2ﬂ_)3 {‘XL| + A7L (XLXL +XL XL) — |a meH’XAL — A7L ‘XL| .

(3.12)
Integrating by parts and dropping the boundary term, one can get rid of the second term,

1 dSk /12 2, 2 2 A// A/
Q/dT/(QTr)B{|XL| — [a meH,XA +A—2<AL>

term,

obtaining

\XLQ}. (3.13)



Then, from the above action and the action for the transversely-polarized modes, one can
read out the following equations of motions? (EoM):

X} +wi Xy =0, (3.14)
X'+ wiaL =0, (3.15)

where the time-dependent frequencies are
wh = wh(a,k) = K + a’m?g(a), (3.16)

B A (a, k) Al (a,k)\?
wi =wi(a, k) =a meﬁx( )VAZ (a, k) + m -2 <Ai(a,/€)> . (3.17)

The above compact form of the longitudinal mode frequency conceals the complicated
structure of w? in terms of k, mx,a,d’,a”

9 (Ai) 2 _ (d'a mzﬁt + m:eﬂ tmeff,t a?)? B (a'mefr s + m:aff,ta)2 (a'mefry + m:aff,ta)2
AL (k% +a*m eﬁ ¢)? k? +a? mgff,t (@mes)? ,
(3.18)
Ar a"a mgﬁ,t + Mgy Meff ¢ a? — (al)ngfﬁt - (méﬂ,t)2a2 B (d'a mgﬁ,t + Mgy Mt a?)?
Ar k2 + a? mﬁm (k2 +a? mgf—f )2
(@'t + mgﬁ’ta)z a" Mgt + mgff,ta + 2méﬁ7ta’a Teff t
(amefs)? - aMeft ¢ ' (3.19)
After some straightforward algebra, one finds
2 eff x 2, 2
wi =k*—5= +a Meg (@)
eff t
k2 a” m/e/ff,t 261’ m:eff,t 3 (a'mef + m«,eﬁf,ta)Q 3.90
kB +a®mZ; (o) | a + m + amey | k2 +a2m2g (a) |’ (3:20)
eff,t eﬁvt eﬂvt eff,t
with
Mg, = 2H' || & — 1 Bw—1)—&| +3H (& — lﬁg w'’ (3.21)
off.t 2 Meff t 2 2 ’ .
3 H 1 1
Nt = — 2H' —& ) (Bw -1 3H (& — = !
M, 2 et { [(51 > > w—1) = &| + &1 252 w
3 H 1 1
-5 20" | & — *52 (Bw—1) =& | +9H W' (& — & | +3H (& — & | w”
2 Mefrt 2 2

2 2
_ im]:;m {QH’ Kgl _ 252> (Bw—1) — 52] +3H <gl _ ;52) w’} , (3.22)

2Note that the evolution of the physical longitudinal component of the vector field, can be found from
Eq.(3.15) together with Eq.(3.11).




and

, _a a
R i (3.23)
" ",/ 13
=% 6L 46 (3.24)
a? a3 at’
, 21 H,+21H’2 1H" (3.25)
w = —— — Sl .
3H a H? a H |’
21 1 H//H/ H/2 1 H/3 1 H/l/
n__ 4L " - D S - Sl
w' =S5 [2}1 + 6o =35 6T — | (3.26)

Note that w(a) := p(a)/p(a) # .

Similarly, the frequency of the transversely polarized modes can be written as an explicit
function of k, mx,a,d’

wi = kX + a®m% — o*H? {3(310 —1) <§1 — é@) + 52] : (3.27)

Note that for &;,& = 0, both effective masses are equal, i.e., mgﬁ7t(a) =m5 = mgmx(a).

Thus, myg, = 0 =mg, and Eq.(3.20) recovers the standard formula [31, 32]

w3 = k? + a®m%, (3.28)
§1=0=¢2
k2 a a/2m2
2 2, 2 2 X
w =k"4+amxy - ———-5 | ——3—7>"> 3.29
L £1=0=¢> X2 4 a2mi | a k% 4+ a?m% (3:29)

4 Viability of non-minimal couplings to gravity

The goal of this section is to determine the regions in the (&1, &2) space for which the model
of non-minimally coupled massive vectors is not ill-defined, meaning it does not suffer from
any instabilities. These instabilities pertain to the longitudinal component of the X, field
and include [35, 64|

e ghost instability,
e uncontrolled production and super-luminal propagation of short-wavelength modes.

The former arises when the effective mass mgﬂc ¢» appearing in the prefactor A% that mul-
tiplies the kinetic term of the L mode, becomes negative. More precisely, for modes with
k2 < |a2mgﬁ7t|, the function A? is positive. However, in the opposite case, k% > \angﬂ’tL
the kinetic term of the longitudinal polarization acquires a wrong sign, indicating the pres-
ence of ghosts. The latter instabilities are related to the UV behavior of the dispersion
relation.

~10 -



4.1 Ghost instability

We aim to find values of the non-minimal couplings for which the sign of the kinetic term

a2mgﬁ,t (a) }
b

4.1
k? + a2mgﬁ7t(a) (4-1)

s(a) = sign {

remains unchanged over time for any k2.2 To that end, it is instructive to rewrite m%;,(a)
as an explicit function of the scale factor a. Therefore, we first recast the Ricci scalar as:

R(a) = —6 (d + H2(a)) . (4.2)

a

Using the fact that

a_ pla)+3p(a) _ pla)
E__GT&’ H2(a)— 3M1?’17 (4.3)

where p(a) and p(a) denote the total energy density and the pressure, respectively, one
finds

R(a) = 3H*(a)[3w(a) — 1]. (4.4)

Inserting the above expression into Eqgs.(3.10) and (3.9), we get
1
@) =k 3| (- 38 ) Guta) - ) - €| 1), (45)

2 () = m3 {3 (51 - ég) (3uw(a)— 1)+ 52] 12(a). (46)

In general, the effective masses have two sources of time dependence: H(a) and w(a).
The Hubble rate remains roughly constant during the de Sitter stage of inflation and sub-
sequently decreases monotonically over time. During the reheating period, it also expe-
riences an oscillatory contribution, as shown in Fig. 2. The equation-of-state parameter
w(a) is roughly constant during inflation (wj,r ~ —1), the eras of radiation-domination
(wra = 1/3) and matter-domination (wpyq = 0), as well as during the hypothetical epoch of
kination (wy = 1), changing smoothly during the transition phases. However, during the
early stages of reheating, w(a) oscillates rapidly between [—1,1], as illustrated in Fig. 1.
In single-field inflationary models, the character of these oscillations is determined by the
form of the inflaton potential near its minimum.

In the following subsections, we will determine for which values of & and & the func-
tion s(a) remains positive throughout the entire evolution. We first discuss a simplified
scenario by setting one of the non-minimal couplings to zero, and then we consider a more
general case with & # 0 and & # 0.

30ne could look for positivity regions that are parameterized by k%. In other words, regions of &1, &)
would be allowed by the positivity of the kinetic term for X, if k? satisfied certain conditions. This is not
what we are going to do here, since such restrictions upon k2 is unphysical and, in general, invalidate the
Fourier representation adopted in (3.5).

— 11 —



411 & =0

To begin with, let us first investigate the simplified scenario with & = 0. In this case,
mgff,t (a) reduces to

mlela)| = mk + 16 Bula) + 1] HX(a). (17)

&1=0

Hence, the positivity of mgﬁt(a) is guaranteed for £ meeting the following condition:

2
mx

Since H(a) is a decreasing function of time, the left-hand side increases over time starting at
its minimal value during inflation. Therefore, the most restrictive constraint on & should
be imposed when the mx/H(a) ratio is smallest, i.e, at the very beginning of inflation.
Consequently, the ghost instability is absent if

2 > —ne&of3w(a) + 1], (4.9)

where we have introduced the 7, ! parameter, defined as

2
nol = (?‘) . (4.10)

The possible range of variation for ;! is constrained by the following requirements. First,
the energy density of the X, field, px, should constitute a subdominant component of the
total energy of the primordial universe. On the other hand, px must be sufficiently large
to eventually dominate the energy budget of the universe after the radiation-dominated
phase. Assuming that gravitational production is the sole mechanism responsible for the
creation of X, the second prerequisite implies that this mechanism must efficiently generate
X, particles, which happens for sufficiently low mass, i.e., below the inflationary Hubble
scale*. Altogether, this means that 7! € (0,1). Consequently, for £&; = 0, the positivity of
s(a) imposes the following constraint on a:

for & =0 —nele 2

forwe [-1,-1/3) and —nés <

for w e (—=1/3,1].

~3w+1 3w+1
(4.11)
4.1.2 & =0
Choosing & = 0 allows us to simplify Eq.(4.5) as
mZs () = m% — 3¢ [Bw(a) — 1] H*(a). (4.12)

&2=0

4Recently, it has been shown that purely gravitational production can efficiently generate super-heavy
scalars with mass < O(10*)H, [27], and a non-minimal coupling to gravity. This opens an intriguing
possibility for an ultra-heavy spin-1 field, which we left for future work.
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Hence, the condition s(a) > 0 implies

1/ mx 2
3 (H(a)> > & [Bw(a) —1]. (4.13)

Analogously to the case discussed above, the strongest constraint on &; should be imposed
when the ratio mx/H(a) is the smallest

5 2 i Bula) — 1) (1.14)

The above condition is met trivially during radiation-domination phase, whereas in generic

case one finds

for & =0 11 2 3 for w € (1/3,1].

1
—  f —-1,1 d né <
(3?1}—1) OI'U)G[ ) /3) an 7751,\43(

1
3w—1)
(4.15)

4.1.3 61 75 0 and 52 75 0

As already mentioned, Eq.(4.5) has two sources of time-dependency, i.e., w(a) and H(a).
To eliminate the latter, one would need to set the non-minimal couplings to zero, i.e., & =0
and & = 0. Alternatively, one can also get rid of the term w(a) by adjusting

1
& = 552. (4.16)
Note that for this choice, the non-minimal part of the Lagrangian density reads
V—gLM = /=g [—%RgWX“X” + %RWX“X” = V—96G X" XY, (4.17)

where G*¥ is the Einstein tensor, defined as G, = R, — %Rg/“’ . This scenario has been
investigated in Ref.[34], where a different parametrization was applied, i.e., &1 = o/6.
For this choice, Eq.(4.5) simplifies as

= m% + 66 H(a). (4.18)
§1=62/2

mgﬁ,t (a)

Hence, m2g (@) remains positive for £ = %52 provided that

1

S —677;1- (4.19)

Finally, let us discuss the most general scenario with & # %2 and &1 2 # 0. In this case, it
is instructive to rewrite the condition for the positivity of mzﬁyt(a) as follows,

2
f(waé.l)gQ) < <I;n();)) ) (420)
with

o). 6.6) =3 | (6 - 56 Bul@ - 1) - & (1.21)
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The strongest constraint on the function f(w(a),&1,&2) comes from the ultralight vectors,
for which mx — 0. In this case, f(w(a),&1,&2) is bounded from above

flw(a), &, &) SO. (4.22)

On the other hand, for a given mass mx # 0, mgﬁ,t (a) remains positive through the whole
evolution for {£1, &} satisfying the following condition:

f(w(a)7£1a£2) S 77@_17 77e_1 € (07 1) (423)

Using the fact that w(a) € [—1,1], one can identify the region in the & — & parameter
space where the above condition is always satisfied for a fixed value of n;'. This is shown
in the left panel of Fig. 3 for ;! = 1. The shaded region corresponds to values of ¢; and
& for which condition (4.23) holds at all times, ensuring the positivity of s(a) for all modes
throughout their entire evolution. In the right panel of Fig. 3, we compare the viable regions
in the & — & parameter space for two limiting values of ;! € {0,1}. One observes that
an increase in the mx / Hip; ratio leads to a slight broadening of the area where msz,t (a) > 0.

f(w7§17§2) <1 f(w~ 51762) <0 (Bluc), f’(w1§l¢§2) <1 (Plnk)
L T S N N 10— ———
w=1 I
L Sk _
5 ] I
6+ _
3] 0* — ~
W Wyl B
I : ol ]
—5 . _
Q2 r
Var r
I o Or 1
-10 \L',\ | | . >‘\H‘\H‘\H‘\H‘\H‘
—10 -5 0 5 10 0 2 4 6 8 10
& &

Figure 3. Left: Region in the & — & parameter space satisfying f(w(a),&1,&2) S 1, ie. for
no ' = 1, with two limiting choices of the equation-of-state parameter w = —1 (light pink region)
and w = 1 (light cyan region). Right: Values of & — &3 ensuring the positivity of mgﬁjt (a) for two
values of ;1 € {0,1}.
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4.2 UV behaviour

Let us now examine the UV behaviour of w4 (a, k) and w?(a, k). In the limit, k — oo, one
finds

mgff,x(a)

w%(a, k) — k2, w%(a, k) — k2 -~ @
eff,t

as k — oo. (4.24)

The non-standard high-energy limit of w?(a, k) warrants a more detailed discussion. It is
important to emphasize that, in the ghost-free region of the parameter space, the sound

speed, defined by the ratio ¢2 = m?%; (a)/m?%;,(a) [64], can be either positive or negative,

2

depending on the sign of mgﬁx(a). Additionally, in the general case, ¢Z may also exceed

S
unity [64]. Both situations are worrying, as they may lead to: i) uncontrolled produc-
tion (a phenomenon known as runaway production; see Ref.[35, 64]) and ii) super-luminal

propagation of short-wavelength longitudinal modes [64].

4.2.1 Uncontrolled production of short-wavelength modes

As first noted in Ref.[35], in the region of the {1, &2} parameter space for which mgﬁx(a)
becomes negative, the angular frequency w% is not bounded from below for short-wavelength
modes. The negativity of w% in the UV regime results in an exponentially enhanced creation
of large k modes. This, in particular, has dramatic consequences for the considered model,
as it leads to uncontrolled tachyonic production of longitudinal modes with high momenta.
Let us now examine the conditions for the occurrence of such an instability.

A key point to emphasize is that the occurrence of runaway production is attributable
to the existence of a direct coupling between the X, field and the Ricci tensor. By turning
off such term, i.e., setting & = 0, one can easily verify that

m2 (a
2= eﬁix() =1, for & = 0. (4.25)

° mﬁfr,t(a)
In addition, both effective masses are also equal during the de Sitter phase of inflation,
when the total energy density of the universe is dominated by the potential energy of the
inflaton field and wi,r = —1, i.e.,

2
m a
2= ef‘f,ix() =1, for a < ae. (4.26)

msz,t (a)

For non-vanishing &, ¢2 may become negative only if w # —1 and mx < H(a). In this
case, neglecting the mass term, one finds

2 mx<f<VH(a) 3 (fl — ééb) (311)(0,) . 1) &
) - 3 [(51 - %52) (Bw(a) — 1) — 52] :

(4.27)
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In the RD-phase of the universe, the above expression is always negative, regardless of the
values of non-minimal couplings {£1, &}, while for the MD and kination phase, ¢ becomes
negative in the following regions:

¢ <0, for &1 € (2&9,6&), and w = 0, (4.28)
<0, for £1(&1 — &) <0, and w = 1. (4.29)
In general case, the credibility of the model can be restored in two ways. Firstly, one could

impose the positivity condition on mgﬁx(a), analogously to the constraint that we have
applied to mzﬁyt(a). Requiring mgﬁvx(a) 2> 0, one gets

2
fo.ge) s (5755) (4:30
with
f(w, &1, &) = 3[Bw(a) — 1] (51 — é@) +&. (4.31)

Adopting the similar arguments as in Sec.(4.1), i.e., using the fact that w(a) € [-1,1],
one can find regions in the £ — & parameter space for which mgﬁyx(a) > ( for a fixed
value of ;1. Hence, the conditions (4.20) together with (4.30) determine the values of the
non-minimal couplings, for which the theory is both ghost-free and does not suffer from an
uncontrolled tachyonic production of short-wavelength modes. The regions in the & — &
parameter space, satisfying Egs.(4.20) and (4.30) for two limiting values of !, i.e., ;1 = 0
(left panel), and i, * = 1 (right panel), are shown in Fig. 4. Note that in the limit mx — 0,
the blue and pink regions do not intersect, indicating that there is no region in the & — &
parameter space for which both mgﬁ7t(a) and mgﬁ?x(a) are positive simultaneously for an
arbitrary choice of w € [—1,1]. This observation implies that longitudinal polarization
of ultralight vectors non-minimally coupled to gravity would suffer either from the ghost
instability, or as a result of uncontrolled tachyonic enhancement of short-wavelength modes.
Hence, for mx — 0 the theory is well-defined only for £, = 0 = &. On the other hand,
for heavier vectors there exists values of {&1,&2} for which both effective masses remain
positive throughout cosmological evolution. For a fixed Hiyi, the instability-free region
increases with my, and its boundaries are determined by the following conditions:

not > 66 A not > 6(6 — &) A not > 3(& — 4€1). (4.32)

On the other hand, instead of imposing a positivity condition on mzﬁyx(a), one could also
introduce a UV cut-off for the model. The imposition of the cut-off scale seems well justified,
as even in the minimal model, the energy-density integrals are divergent in the limit £ — oo,
see Ref.[31]. However, it is not entirely clear what the appropriate energy scale for the cut-
off is. One of the more natural choices appears to be setting the cut-off scale at Ayy =
ke = a.H.. Modes with shorter wavelength, i.e, k > k. never exist the Hubble horizon, and
can be considered as quantum fluctuations. Note that in this case, the positivity condition
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Figure 4. Regions in the £; — & parameter space satisfying f(w(a),&1,&) < not (4.20) (pink) and
fw(a),&1,&) Snot (4.30) (blue), for ot = 0 (left panel) and 7. = 1 (right panel).

for mgﬁyx(a) can be relaxed. Namely, there might be some region in the & — & parameter
space, for which mgﬁyt(a) > 0 and mzﬁyx(a) < 0 simultaneously. For such values of the non-
minimal couplings, one might expect that tachyonic instability could significantly enhance
the production of both longitudinal and transverse modes. Consequently, in this scenario,
the predictions of the model would likely be very sensitive to the choice of the UV cut-off,
which requires careful study and is thus left for future work

4.2.2 Super-luminal propagation

As noted in Ref.[35], even in the instability-free region of the model, one may encounter
another problem: the super-luminal propagation of short-wavelength modes. This occurs
for values of the non-minimal couplings {{1, &2} for which mgﬁx(a) > mgﬁ,t(a), ie.,

—%fg(?)w(a) _7) > 0. (4.33)

Since 3w(a) — 7 < 0 for w(a) € [~1,1], the sound speed c? exceeds unity only if & < 0.
This observation, along with the conditions (4.32), implies that for a given value of 1!,
the model is well-defined for choices of non-minimal couplings that satisfy the following

conditions:

-1 -1 -1
Me = Te Ne
— 4 . 4.34
£1€< 1276)7 €2€|:0a3+£1) (3)

Fig. 5 illustrates the consistency region in the {1, &2} parameter space for two benchmark
values of 1, i.e., ot = 0.16 (left panel) and 1. = 0.006 (right panel).

Finally, let us emphasize that within the aforementioned region, w? (a, k) is not necessarily
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positive for all values of k. Contrarily, some modes can still be exponentially enhanced, but
tachyonic production no longer leads to the uncontrolled population of short-wavelength
modes. On the other hand, for {£1, &2} in the region defined by Eq.(4.34), the purely grav-
itational production of transverse modes is inefficient, as the positivity condition imposed

on mgﬁx(a) implies that w2 (k,a) remains also positive for all modes.

fw, &,&) < 0.16 (Blue), f(w,&,&) < 0.16 (Pink), & > 0 flw,&1,&) < 0.006 (Blue), f(w,&,&) < 0.006 (Pink), & > 0
02— 7777 0.01 ———
L "' g 4
0.008} e -
0.15+ — L ' ]
| g 0.006}- -
L@ ; ]
0.1} e i
G © &
0.004 |- i
0.05 -~ —
b I g
4 0.002}1- T -~ N
3 & )
i [ = /
e X e i t [,
i N 4(’\&\ L Te o 4
0.~ R4 e - S\ e
P Al E I B B L1 P O v vy S
—0.02 0. 0.02 0.04 0.06 0.08 0.1 —0.01 —0.005 0. 0.005 0.01
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Figure 5. Instability-free region in the & — & parameter described by Eq.(4.34) for n;! = 0.16
(left panel) and 7, = 0.006 (right panel).

5 Cosmic evolution of non-minimally coupled vectors

Let us discuss dynamics of the non-minimally coupled X, field, focusing exclusively on the
instability-free region of the model, described by Eq.(4.34).

5.1 Adiabaticity condition

The amplitude of matter fields with a non-conformal couplings to gravity can be enhanced
by a non-adiabatic expansion of the primordial universe [25]. More precisely, the quasi-
exponential growth of the background metric during inflation, followed by its sudden change
during the transition phase, may lead to a violation of the adiabaticity condition

/

A(k,a) = 2 < 1. (5.1)
WX

The adiabatic parameter, Ay(k,a), is typically small in the remote past and future but can
become large, or even divergent, during inflation and at the onset of reheating, thereby
triggering efficient particle production [25, 65, 66]. Let us now examine this phenomenon

in more details.

~ 18 —



101 — (aH)" 104N

(amx)™"

(amx) ™"

10° 10%F

70 - 102h
: S
= 10 i = 10'f
/ k!
kL
10% 1, < 10% g
(ameiy) ™" & =& = 0.001 1 (amex) ™t & =& = 0.001
10-1 (amegx) ™" & = —0.0001,& = 0.001 ] 10-1 (amegy) ™Y & = —0.0001, & = 0.001
Coeovv b b e b e b b e b 1 3 coeoc b e e b e b e e b e b 1 3
-10 -8 —6 —4 -2 0 2 4 -10 -8 —6 —4 -2 0 2 4
Log[a/a.] Log[a/a.]

Figure 6. Evolution of different energy scales: the Hubble horizon (red line), the Compton wave-
length (dashed, green), and two effective Compton wavelengths (purple lines) for the quadratic
(left) and quartic (right) reheating models. Modes with wavelengths k=! > k! exit the horizon
during inflation, cross the (effective) Compton wavelength curves, and re-enter the horizon in the
post-inflationary epoch. In contrast, modes with shorter wavelengths, k=1 < k!

., always remain
below horizon.

For the minimally-coupled vector field, the adiabatic parameters take the form

£1,62=0

(amx)%aH
AT(k,a)g = R (5.2)
1,§2=0 W £1,62=0
and
(aH)? [ rmx\2 k% (amx)? H 3(amy)?
Ay (k, = ( ) o, H _ 3lamx)*
) £1,62=0 wi/Q H * (k% + a?m%)? + H? K2+ a®m%
k2 943 H H Sang( (2 + %) . 3a4m§(
k2 + G,Qm%( H?2 H3 k2 + aZm%( (k?Z + azmg()z
(5.3)

One observes that in the relativistic limit, i.e., (amx)~! > k~!, the dispersion relation
(3.29) for the longitudinal component of the vector field becomes

~ k? —2a°H?, (amx)™' > k71 (5.4)
£1,62=0

wi

where we have neglected terms proportional to H. Hence, for a given mode, Ar(k,a)
diverges near its horizon crossing, defined by the condition ay .H (an..) = k, see Fig. 6, or
more precisely, at the moment when k ~ v/2aH. This initiates tachyonic enhancement of
the long-wavelength modes. The growth continues until k& crosses the Compton wavelength
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(amyx)~!, which happens at ac.mx = k. After that, the evolution of the super-horizon
longitudinal modes becomes adiabatic, as Ay, (k,a) eventually becomes small.
On the other hand, for short-wavelength modes one finds

H 2H?
w%ku—a2H2[2+} e

e (1+3w), kL (@H)™ < (amx)™, (5.5)

and hence

H)3 H H
~— (aH) [2+3+

Ak, a —
(o) fmgm0 K2 — (14 3w))3/2 H?  H?

], E7L (aH) ™ < (amy) ™,

(5.6)

where we have neglected the mass of the X, field. In this case, the frequency w% does not
pass through zero during the de Sitter stage of inflation, and since H, H — 0, the adiabatic
parameter is strongly suppressed during this phase. However, for w > —1/3, i.e., after the
end of inflation, Ay, diverges when k? = a?H?(1 + 3w)/2. Furthermore, rapid oscillations
of the ¢ field lead to a sudden, non-adiabatic change in a, @, d, amplifying A, during the
transition from the inflationary phase to the reheating epoch.

In contrast, w% never passes through zero. For relativistic (non-relativistic) modes, the adia-
batic parameter scales as At ~ (amy)?aH/k? (At ~ aH/k), which implies that At < Ay,.
Therefore, for the transverse components, the largest departures from adiabaticity occur at
the end of inflation, when (aH)~! reaches a minimum.

In the presence of non-minimal couplings, the adiabatic parameters acquire more compli-
cated structure, i.e.,

a 3 m2 :
anth.a) = T T~ 3o - 1)@ - e v (1 ¥ ;) S
T

2 ’
2k2 Mo t 2meﬁvtmeff,t
Ay (k, a) (aH)g{Cgl ua— (mzﬁ’x—f—meﬁvxm/eff,X) + (H2 R
L\r,a) =

2wi/2 aH a?H? H? aH? (k2 + GZmZH,t)Q
7 " 7 o/ I ! 2 2
% a + Mot ¢ 4 2a7meff,t _ 3((1 Meff t meff,ta) _ k
a m am k2 4 a?m? k2 + a?m?
eﬁ.7t ef‘f,t a meff,t a meff,t
" 73N} n " / " 12 / / " o 12
eff )t eff,t " "eff,t - eff )t eff,t"""ell, eff,t
o 1 afiaaijﬁr 7mﬁ‘mff +2(1@ a'® Meg +2a7mffmﬂt Mg
(aH)3 | a a? Meff t mgmt a?  Meft a mgﬂ@,t
/ / " " / / 2( ! 2 2.,/
(CL Meff t — mefhta’) (a Mefft — mefﬂta’) +6 (CL Mefft — meff,ta) (a ameff,t ta meﬁ',tmeﬁ,t)
k% +a?mZg (k2 + a®mZy )2

(5.8)
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Neglecting terms involving derivatives of the effective masses, one finds

(amx)%aH
AT(kaa) = Ta (59)
W
Ay (k. a) (aH)3 (meg,x>2 n k2(ameff’t)2 54 H 3(ameg,t)2
a) ~ —_
m wi H (k? + a2mgff,t)2 H? K+ a2mgﬁ7t
k2 5.3 H H 3a2mgﬁ,t (2 + %) 3a*mls . |
- 2+ 835 + o — + : .
k* + GQmZH,t [ H?  H3 k2 + a2m<2eff,t (k% + Gszff,t)z }
(5.10)

The inclusion of non-minimal terms does not qualitatively change the behavior of super-
horizon modes. For these modes, the most significant departures from adiabaticity occur
at horizon exit for longitudinal polarization and at the end of inflation for transverse po-
larizations. However, the presence of direct couplings between X,, and R, R, has a more
significant effect on sub-horizon modes, as it alters the dispersion relation of the longitudinal
modes in the large-k limit

27172

2
meﬁ,xkg _a H

2
meff,t 2

w? ~ (1+ 3w). (5.11)
Therefore, one expects that for certain values of the non-minimal couplings, the violation
of adiabaticity may be more pronounced compared to the minimal case, leading to a more
efficient gravitational production of large-k modes.

5.2 Initial conditions

During inflation the energy budget of the universe was dominated by the potential energy
of the inflaton field, implying wi,s = —1. Hence, during the de-Sitter phase of inflation the
dispersion relations (3.16) and (3.17) become

Wh g = W = k* + a®m% — 3> H%(& — 4&), (5.12)
a<le
k2 a” m”ff' ¢
2 _ 2 2 2, 2 eff,in
WI inf = Wi, =k+amig ——7—"— | —+ ——
L,inf wa eff,inf k2 4+ a2mzﬁ,inf a Meff inf
/ / i
+2a7/ meﬁ,inf - (a’ Teff inf + ameff,inf) (5 13)
a Mef inf k2 + a®mly ’
where
2 s =m%k — 3(& — 46 H? (5.14)
Mo inf = Mx 2 1 . .
In the infinite past, i.e., 7 — —o00,a — 0,a’ — 0..., implying
lim w?; (a)= lim w?,(a)=k> (5.15)
T,inf L,inf . .
T—+—00 T——00
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Hence, we will assume that all modes initially are in the Bunch-Davies vacuum

_ . _ . _ 1 —ikT
XBD = TEIEIOO XT = TEIEIOO XL == \/72?6 s (516)

/A /AT /I —ik —ikT
Xgp = TEIPOO Xt = TBIEIOO X, = —me . (5.17)

It is important to highlight that as long as w = —1, both frequencies are equal, wﬁ = w% =

k%, in the limit k¥ — oo. Therefore, except for the last few e-folds of inflation (N ~ —2),
w% and w% remain positive for large-k modes, regardless of the values of the non-minimal
couplings. This implies that uncontrolled tachyonic production of short-wavelength modes
does not occur during the de Sitter stage of inflation and requires a deviation from the pure
de Sitter equation of state, i.e., wi,r = —1.

5.3 The transverse modes

Note that for &1, £, meeting the condition (4.32), the angular frequency w% remains positive
for all momentum modes. Indeed, one can easily check that

2
K + a*Hiy (?761 - 3};[2&)(62 - 451)) >0, (5.18)

mi

as (H(a)/Hiy;)? < 1 throughout the whole evolution. This indicates that in the instability-
free region of the model, transverse modes does not experience tachyonic growth.

The approximate analytical solution to Eq.(3.14) can be derived in the pure de Sitter limit.
Namely, during the de Sitter stage of inflation, the scale factor evolves as aqs = —1/(7Hgs)
with Hgg =const., which, in turn, implies that m% — 3H34(& — 4&) remains constant,
making aqg the only source of time variation in w%’inf. Equation (3.14) with w? = w%inf
resembles the equation of motion of a conformally coupled scalar field, with the solution
given by:

im(20+1) /4 T -
XT(ads) _ e ( )/ s Hl(,l) k = 1 B mx 3HdS(§2 4451) .
2 adasHas aqsHas 4 HZ

(5.19)

In Fig. 7 we plot the amplitude squared of the k. mode (c.f. Fig. 6) as a function of the
number of e-folds for two values of ;! and different non-minimal couplings. The numerical
solutions match the analytical (densely-dashed lines) approximation very well for a < a..
The slight discrepancy between the two arises from the fact that, in a realistic inflationary
scenario, the Hubble rate is not constant but slowly evolves over time. After inflation,
| X1|? enters the oscillatory regime once the Hubble rate drops below mx. In this region,
the frequency, ng = a2m§(, becomes a slowly-varying function, and the solution to the

mode equation takes the JWKB form

Xr(a) ~ \/;TTexp <—z’/d% wT) + \/%Texp (i/d% wT>, (5.20)

From the above, one extracts the late-time behaviour of the envelope: |Xt|? ~ a~!. Note

that the inclusion of the non-minimal terms does not affect the evolution of transverse
modes.
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Evolution of the k. mode for n;' = 0.16 and n = 1 Evolution of the k. mode for n;' = 0.006 and n = 1
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Figure 7. Upper panels: Evolution of the k. mode of the transversely-polarized vectors with mass
myx = 5-10'2 GeV (left panel) and myx = 10'2 GeV (right panel), assuming quadratic (n = 1)
inflaton potential during reheating. Densely-dashed lines correspond to the analytical solution
Eq.(5.19). Lower panels: Evolution of the transverse frequency w? /k2.

5.4 The longitudinal mode

The intricate structure of w% indicates a non-trivial evolution of the longitudinally polarized
modes. A comprehensive discussion of the solutions to the mode equation (3.15) for the
minimally coupled model can be found in Refs.[30-32]. The inclusion of non-minimal cou-
plings significantly influences the dispersion relation of the longitudinal modes, resulting in
a more complex time dependence. In particular, taking into account the non-minimal terms
introduces additional contributions to wﬁ, which are proportional to the scale factor and its
derivatives. To analyze the solutions to the mode equation, it is convenient to distinguish
five distinct scales: the distance to the comoving Hubble horizon (aH)™!, wavenumber of a
given mode 1/k, and the Compton wavelengths (amx)™t, (amegx) !, and (ameg ) ! The
angular frequency w% is controlled by different energy scales at different moments. Thus,
the evolution of A%, at a given time is determined either by its momentum k or by one of
the other energy scales. As one can see from Fig. 6, the effective Compton wavelengths only
z-type is shown deviate from the (amx)~! curve only at sufficiently early times, typically
during inflation. This suggests that the presence of terms proportional to &1, & should not
have a substantial impact on the evolution of the longitudinal modes. Instead, one might
expect that the inclusion of non-minimal terms will only slightly modify the solutions ob-
tained in the minimally coupled model and will not alter their qualitative behavior.

In Fig. (8), we compare numerical results obtained for the minimal model with &;,&, =0
(dashed green curves) with its non-minimal extension for three different momentum modes:
kq, ke, and kg, cf. Fig.(6). Notably, the inclusion of non-minimal couplings does not affect
the overall behavior of Ay,. Initially, the amplitude of all modes remains constant, and it
is independent on the values of &, &2. Modes with the wavenumber longer than (aeH,) ™
(ke and kg) exit the horizon at some point during inflation, as indicated by the red dashed
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Figure 8. Upper panels: Evolution of the k,, k. and k4 modes of the longitudinal component of the
X, field with mass mx = 5-10'2 GeV (left) and mx = 10'2 GeV (right) for different values of &1, &,
assuming quadratic inflaton potential during reheating, i.e., n = 1. Lower panels: The longitudinal
frequency w3 /k? as a function of the number of e-folds. The onset of tachyonic growth coincides
with the frequency becoming negative (pale parts of the wi curves), which, in turn corresponds to
the horizon exit. Depending on the choice of the non-minimal couplings, the enhancement can be
either more pronounced (triangle), or suppressed (star) compared to the minimal case (&, = 0 = &2).
For a given values of &1, & lighter vectors experience stronger amplification.

vertical line. From that point onward, w% becomes negative, and the solution to the mode
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equation takes the form [31]

H

XL ~ WCL,

for a € (an.c,ac.c). (5.21)

The tachyonic growth of a given mode is terminated when the effective Compton wavelength
falls below its wavenumber (indicated by the green dashed vertical line). As a result, heavier
vectors undergo weaker amplification, since the time interval between ay, . and ac . is shorter
for them. Depending on the choice of the non-minimal couplings, the enhancement can
either be more significant or suppressed compared to the minimal case. For fixed values
of & and &, this effect is more pronounced for lighter species, as the contribution of the
non-minimal terms to their effective masses remains relevant for a longer period. One
of the most remarkable properties of longitudinal modes is that their amplitude remains
frozen in the interval between ac. and the point at which the Hubble rate falls below
myx. After that, the dynamics of the longitudinal modes begin to resemble the one of the
transverse polarization. Specifically, one observe that |X|? starts to oscillate as described
by Eq.(5.20), with an increasing frequency amx, and a gradually decreasing amplitude that
scales as ~ a~!. In contrast, modes with wavelength shorter than (a.H.)~! never exit the
horizon and undergo tachyonic amplification. For these modes, gravitational effects become
relevant at the very onset of reheating. Near the transition point, rapid, quasi-periodic
oscillations of the derivatives of the scale factor induce a sudden short-scale variation of
the dispersion relation. This, in turn, violates the adiabaticity condition (5.1), triggering
strong parametric resonance for modes with momentum k ~ O(10), cf. the evolution of the
ke mode in Fig.(8). For £ = 0 = & and mx < H,, the frequency of large-k longitudinal
modes becomes

a//

Wi~k — =K+ LR, (5.22)

a 6
Interestingly, the same dispersion relation is also observed for light scalars with the minimal
coupling to gravity, see Ref [27]. To gain a better understanding of the resonance, it is
convenient to determine the time structure of the Ricci scalar. To that end, we use the fact

that during inflation

¢* — 4V (9)

R ~ 5.23
e (523)

and that for the power-law potential V (¢) ~ ¢*" [43]

b~ e (C;)il x [Izl <21n leﬂ " , (5.24)

where ¢, denote the field value at the end of inflation, Z_ ! is the inverse of the regularized
incomplete beta function, and z = 1—4(t—t.)/7 with T being the (time-dependent) period
of the oscillations. For the quadratic and quartic potential, Z_ ! becomes [22, 67]

cos [mey(t — t.)], n=1, (5.25)

en (m \2) , n=2, (5.26)
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with
v = ﬁqﬁe%(t —t), (5.27)

and mg = A%/(v/3aMpy) is the mass of the inflaton, A = (A/Mp))*/(9a?) denotes its
quartic coupling, and cn is the elliptic cosine. Inserting the solution (5.24) into Eq.(5.23),
one gets

m2¢2 e H 9
R=— 2]% (E 1+ 3cos [2mg(t — t)] — 3@sm 2mg(t — t0)] — 2 cos? [2me (t — t,)]

)
mgoe (2 )

T 2
e )3 Rl
VA L+ H(t — t)dn <:1c %) - (x\%)r}

) [ s )] e o

where we have neglected rapidly-dying terms, suppressed by the powers of H. During

14 3cos2mg(t —te)]], forn=1, (5.28)

reheating, R acquires an oscillatory contribution, whose envelope decays as a power law of
the scale factor, with a more rapid decrease for n = 2, c¢f. Fig.(2). Due to the fact that
efficiency of the resonance is triggered by the evolution of the Ricci scalar, short-wavelength
modes are mostly produced at the very onset of reheating, when the amplitude of R is the
highest.

The inclusion of the non-minimal terms alters the large-k limit of w%, such that

2 17 "
w%%meﬂ,xkg_ ai_'_mefft_i_zi efft
mgﬂ"t a Meff ¢ Q@ Meff t

(5.30)

In this case, the efficiency of the resonance becomes sensitive to the values of £, &, as the
inclusion of non-minimal terms introduces an additional dependence of w? on @', a”,... In
particular, for the specific values of £1, &, we observe an amplification of the amplitude of
sub-horizon modes relative to the minimal model with & = 0 = &. More rigours treat-
ment requires analysis of the stability /instability charts of the (quasi)-periodic differential
equations. A detailed analysis is however beyond the scope of this work.

Although, Fig.(8) illustrates the generic features of the non-minimal model, it is instructive
to explore the allowed parameter space in greater detail. In the left panel of Fig.(9), we
map the variation of the squared amplitude within the instability-free triangle. Specifi-
cally, we plot the ratio |Xm2(£y, &)[?/|X™a%(0,0)|? for the k. mode, where [XmaX(&y, &)
represents the maximum squared amplitude for a given set of & and &2, as a function of
the non-minimal couplings. Note that the k. mode becomes super-horizon, and for the
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chosen value of 7!, it intersects the (effective) Compton wavelength curve during infla-
tion. Consequently, its amplitude is maximized around ac.., prior to the end of inflation,
ac.c < Qe.

In general, depending on the values of the non-minimal couplings two scenarios emerge:
1) [Amax(gy6)2 > |ARax(0,0)]?, and i) |AR(&,E)]2 < |A8X(0,0)2. The strongest
enhancement of the amplitude occurs along the green hypotenuse, described by the curve
f(=1,61,86) =n1t = f(=1,£1,&). For &, & lying exactly on this line, one finds

_ H\?
Mt ing = T [1 - <H) ] Hy, (5.31)
mi

which implies that |X8%(&;,&)|? is maximized for the non-minimal couplings for which

both effective masses vanish at the very onset of inflation. Note however that their ratio,

2

¢, remains finite, as demonstrated in the right panel of Fig.(9),

defining the sound speed ¢
and goes to unity in the remote past, when the evolution of the metric becomes more
de Sitter-like. It is important to highlight that the inclusion of non-minimal couplings can
amplify the squared amplitude by up to three orders of magnitude compared to the minimal
case. The opposite effect is observed for &1, &2 lying near the intersection of the £, = 0 and
f(l,fl,gg) = n, ! curves. In the red region, |Xf%*(&;,&)|? might be suppressed by more
than an order of magnitude relative to its minimal value.

In the right panel of Fig.(9), we plot the evolution of the sound speed ¢? as a function
of the number of e-folds for benchmark values of the non-minimal couplings. In general, ¢
deviates from unity for & # 0. During the de Sitter phase of inflation all curves approach
a constant limit ¢2 — 1. Shortly before the end of inflation, curves corresponding to non-
zero values of &, starts to decrease. The depth of the minimum is the largest for &1, &9
that are close to the f(—1,&1,&) = 1! = f(—1,&1,&) line. After inflation ends, ¢? starts
oscillating with a damped amplitude. Eventually, the evolution of the sound speed becomes
static.

6 The energy density of non-minimally coupled vector field

Varying the action (3.1) with respect to the metric tensor, we obtain the energy-momentum
tensor for the X field. The complete derivation can be found in Appendix (A); here, we
provide only the final result.

The stress-energy tensor of the non-minimally coupled vector field has three constituents:

T =To 4+ Ts, + TS, (6.1)
that is, the minimal part
1 m2
Ty = g <4g”"gaﬂXanag — ;g“BXaX[g) — 9P X 0 Xy + mA X, X, (6.2)

and two non-minimal terms,
TE’ =& [ - RX, Xy — Gug” X, Xo — g#,,gp"go"BVUVp(Xan) + 9"V Vi (X, Xo) |
(6.3)
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Figure 9. Left: The maximal value of the squared amplitude |1 (£1,£2)|? = |AL|? normalized to
|A1,(0,0)]? = \Xéo) |2. Different symbols represent several benchmark values of the non-minimal cou-
plings (&1,&2): box (5-107%,0), triangle (-107%, 1073), point (0, 2-1073), five-point star(1073,1073),
six-point star (5-107%, 1073). Right: Evolution of the sound speed for selected values of &3, &s.

T;% - %2 o g#’/gapgﬂaRpUXaXﬂ + 29" Ryo X Xp + 29" Ruo X0 X + 97V ) Vo (X, X))
+ guvg/\pgmvz\vn(XpXo) - QAUVMVU(X/\XV) - QAUVVVJ(XAXM) ) (6.4)

proportional to & and &s, respectively. After quantizing the vector field one can use the
above expressions to calculate the expectation value of the X, field energy density (px),
see Appendix (B). It includes contributions from longitudinal and transverse modes, each
of which is composed of three parts, as shown in Egs. (B.37)-(B.38) in terms of the power
spectra defined in Eqs. (B.33)-(B.35). Hereafter, we will discuss the properties of differential
energy densities

d_, Mg
dlnk<pL’i >7 (65)

which we refer to as spectral energy density, as functions of a for a fixed momentum, e.g.,

for k4, k. and kg in Fig. 10, and/or as functions of momentum k£ at definite times, e.g.,
Figs. 12 and 11.

Depending on the momentum k of the modes, different components may dominate the
total energy density. However, at late times, the largest contribution to (px) comes from
the standard minimal term (p}!) (blue curves in Fig. 10). Specifically, it can be observed
that, for all modes, the non-minimal components (yellow and brown curves) are strongly
redshifted after the end of inflation. Such suppression originates from the additional H?
factor multiplying the non-minimal terms, see also Ref.[34]. In particular, after the end
of inflation the Hubble rate decreases as a power-law with the scale factor, according to
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Figure 10. Evolution of different components of the spectral energy density for transverse (left
column) and longitudinal (right column) polarizations, illustrated for three modes: the sub-horizon
k. mode (first row) and two super-horizon modes k. (middle row) and k4 (last row). Each component
is normalized to the inflaton energy density at the end of inflation. Above, ay; = a*m? /(k* +
a*mi )AL, axy x, = a®m% /(K +a*mi ) ALAL and ax, = a®mi AF +a®m% /(k? +a*m% ) A7 Pale
regions of the curves correspond to negative values of the respective quantities.

Eq.(2.11). Hence, at late times we apply the following approximation
(px) ~ (Px)- (6.6)
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Figure 11. Spectral energy density as a function of momentum for quadratic (left) and quartic
(right) reheating model, shown for the longitudinal (solid) and transverse (dashed) components of
the minimally-coupled vector field (£ = & = 0). The spectra are normalized to the inflaton energy
density at the end of inflation, p, = 3M32 H?.

6.1 Super-horizon modes

For super-horizon modes, e.g., k., kq in Fig. 10, the spectral energy density of the longitudi-
nal polarization is several orders of magnitude larger than d(p+)/dIn k. Longitudinal modes
with long-wavelength, i.e., k=t > k!, are amplified by tachyonic instability. Consequently,
the energy density of the low-k modes is dominated by the energy of the longitudinal com-
ponent of the X, field, i.e.,

for k < ke. (6.7)

A AM
(px) =~ (p1,),
In Fig. 11, we present the spectral energy density of the longitudinal and transverse polar-
izations as a function of k in three different moments of time at three different moments in
time: at the end of inflation a = a., at a = a,, defined by the following condition:

mx = H(ay), (6.8)

and at late times, i.e, a = a;, when the evolution of modes becomes adiabatic®. Initially,
d(pL)/dInk scales as k? for all super-horizon modes, and as k* for short-wavelength modes
with k7! < k-!. Then, around a = ay, one observes the formation of a peak in the
spectrum, centered around k ~ k. The k, mode reenters the horizon at the moment when
the comoving Compton wavelength (amx)~! crosses the Hubble sphere, such that

k, =a,mx. (6.9)

The position of the peak is determined by the evolution of the Hubble rate during reheating.
Comparing the two models shown in Fig. 11, we see that for a given mass, the wavelength
of the k, mode is longer for the quartic reheating scenario, c.f. Fig. 6. The long-wavelength
part of the spectrum, i.e., k=% > k!, grows as k?. The scaling with k in the central
part, i.e., for k=t € (k' k') is model dependent. Namely, for myx > Hy, one finds

5Note that a, and a; depend on mx
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Bu-1)
that d(pr)/dInk o k 5551 [31], which gives d{(pr)/dInk o k=2 and d(py)/dInk o kO in

the quadratic and quartic reheating scenarios, respectively. At late times, i.e., when the
evolution of the X, field becomes static, its energy density drops as a3, indicating that
X, behaves like non-relativistic matter.

A qualitatively similar structure is also observed for vectors with non-minimal gravitational
coupling. Fig. 12 presents the spectral energy density of the X, field as a function of k
for different choices of &1, &2 at late times. The long-wavelength part of d(pr,)/dInk has a
peak around k = k,, whose position shifts towards the left as 7, ! decreases. Depending on
the values of &1, &, the energy density of the non-minimally coupled spin-1 field may either
exceed or be lower than the energy density of the minimally coupled vectors. For instance,
for & = & = 1073 (& = —107%, & 1073), the inclusion of non-minimal couplings
contributed to the decrease (increase) of the energy density stored in the X, field compared
to the minimal case. Such behavior is consistent with the relative amplification observed
in Fig. 9. Finally, it is worth highlighting that the observed effects depends only on the

relative ratio &1 /7, !, see also [35].

Spectral energy density for n=1 and 7;! = 0.006

Spectral energy density for n=2 and ;! = 0.006
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Figure 12. Spectral energy density of the longitudinal (L) and transverse (T) components of the
minimally (dashed green) and non-minimally (violet curves) coupled vector field for the quadratic

k/k.

(left panel) and quartic (right panel) reheating model at late times.
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6.2 Sub-horizon modes

Initially, the spectral energy density of the sub-horizon modes increases as k* for both
the longitudinal and transverse components of the X, field, see Ref.[31]. Later, the scaling
changes to k2 as the short-wavelength modes become non-relativistic. Figure 12 shows that
all curves converge in the region k! < k!, regardless of the values of the non-minimal
couplings. This behavior results in the well-known UV divergence of the expectation value
of the energy density, which requires regulation. To render the energy density UV finite,
various regularization schemes can be employed. Below, we briefly discuss three of them.

e UV cut-off

The simplest strategy relies on introducing a UV cut-off scale A. This approach,
however, involves a fairly arbitrary choice of the cut-off scale, which can introduce
ambiguity into the model and its predictions. Physical observables, such as the present
abundance of the X, field, are expected to be independent of the specific value of A.
One of the more intuitive choices for the cut-off scale seems to be A = O(1)k,, since
only super-horizon modes are efficiently amplified by tachyonic instability. Hence,
such a choice is well-justified if the dominant contribution to the total energy density
comes from the super-horizon modes. Contrarily, if other production mechanisms
efficiently create short-wavelength modes, a larger cut-off should be considered. This,
however, increases the complexity of the computational analysis.

e Normal ordering
Another method to regularize the energy density is based on normal ordering [25,
68]. In this case, the physical expectation value of the energy density is calculated
with respect to the initial vacuum state, e.g., the Bunch-Davies vacuum, whereas the
normal ordering is performed with respect to the late-time ladder operators. At late
time, when the evolution of the modes becomes adiabatic, the total energy density
can be approximated by the following formula [25]:

(:px:) = (pLs) + (:pT3), (6.10)
with
(:pr:) ~ lim (p1) ~ 1 [ &% (k? + a*>m%)'/? lim |BF|? (6.11)
“PL: T 5o PL a4 (271')3 X T—00 k1o '
1 w 1
: L2 _ Y yyr2, %L 2 =
Jim B = S|P+ A - 5 (6.12)
and
. . 1 Pk o 9 1/2 1 T2
(:pr) = Jim (pr) = — G * +amy)! lim BT, (6.13)
T=+
1 w 1
: T2 _ _+ (12 YT 2 2
Jim [BFP = | + Sl — 5 (6.14)

Note that contributions from modes with very short wavelengths, for which wy, =
wr & k, vanish thanks to the 1/2 factor in |Bj|?. This factor thus plays a crucial role
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in eliminating UV divergences of the energy density spectrum.

For future convenience, it is instructive to introduce the comoving number density

spectra
kZQﬂ_Q‘BR" k :Tz;tzﬂ_g’/@lc| ( )

At sufficiently late times, when a’,a” become negligible and the Hubble rate falls
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Figure 13. Normal-ordered comoving number density normalized to (a.H,)? for the longitudinal
(L) and transverse (T) components of the minimally (green) and non-minimally (violet curves)
coupled vector field in the quadratic (left panel) and quartic (right panel) reheating model.

below mx, the dispersion relations for the longitudinal and transverse polarizations
converge to the same asymptotic limit, wy, & ay/(k/a)? + m% =~ wp. In the non-
relativistic regime, this simplifies to wy, &~ amx =~ w, and the solutions to both mode
equations oscillate with decreasing amplitude, according to Eq.(5.19). Consequently,
at late times,% the Bogolubov coefficients |BE|2, |8L|? become constant, so does the

comoving number density.

In Fig. 13, we plot the comoving number density as a function of k/k. for two re-
heating scenarios. The spectra are evaluated at late times, when |By|? and thus N

5Typically for a > e3a,.
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remain static for the adopted values of 1, ! and the non-minimal couplings. Notably,
regularization via normal ordering implies a non-trivial structure of the UV tails. In
the reheating model with a quadratic inflaton potential, a central UV peak emerges
around k/k. ~ 6. Interestingly enough, a similar finding has been reported recently
in Ref.[27] in the context of superheavy scalars non-minimally coupled to gravity.
On the other hand, for n = 2 there are two main peaks in the large-k part of the
spectrum. In both considered models, the comoving number density of the transverse
components is subdominant regardless of the values of non-minimal couplings.

At late times, one can express the spectral energy density in terms of the comoving

number density as follows
(:pL:) ~mx(:ng:), a3<:ﬁL:>:/dlnkaIj:NL, (6.16)

and

(:pr:) ~mx(:nr:), a®(ir:) = Z /dlnk:/\/? = N, (6.17)

where N1, N7 do not depend on time. Note that this result confirms a matter-like

scaling of the X, field’s energy density at late times.
In the left panel of Fig. 14, we compare the unregulated (dashed curves) spectral en-

Unregulated (dashed) and regulated (solid) spectral energy density Spectral energy density for n=1 and 7' = 0.006
T T : T T T

5[ ’ 5’2 £l< £2

A-107"107* | 0.0

0.0 107 e 02-107

*107%,107% A -10%107°

X% 5-1074107°
— m 5-107%0
S1078) % 107,107 [t
= )
=)
=
~
=
<
=
10720 L
§ y < 3 < <
/\\‘ 10721 I
1072} v & =
. . . i . \ . . i .
107% 1072 107! 10° 10! 107 1072 107 10° 10
k/k. k/k.

Figure 14. Left: Comparison of the unregulated (solid curves) and regularized (dashed curves)
spectral energy density. Right: Normal-ordered spectral energy density for the benchmark values

of the non-minimal couplings.

ergy density of the longitudinally polarized modes with the normal-ordered spectrum.
As with the spectral number density, additional high-k peaks emerge in the regular-
ized energy density spectrum that were not present in the unregulated spectra. This
noisy pattern is induced by quantum interference effects, as discussed in Ref.[23]|. The
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regularized spectra accurately reproduce the unregulated energy densities for k < ks,
with only minor deviations around k ~ k..

To gain a better understanding of the UV tail, in the right panel of Fig. 14, we
plot the spectral energy densities for five benchmark values of the non-minimal cou-
plings and compare them with the spectrum of minimally coupled vectors (green
dashed curve). We observe that the large-k part of the spectra exhibits a multi-peak
structure. For the chosen non-minimal couplings, the position of the peaks shows
little dependence on &1, &,. 7, while their magnitude is highly sensitive to the values
of &1, &. In particular, depending on &1, &, the height of the large-k peaks can either
tower or be comparable with the k, peak. For instance, for £&; = 1073 = & (light pur-
ple curve) and & = 5-107% & = 0, (red curve), the production of long-wavelength
modes is not enhanced compared to the minimal case, but the entire spectrum is
dominated by the UV peaks, whose magnitudes are nearly two orders of magnitude
larger than that of the k, peak. On the other hand, for & = & /2 (orange curve)
the long-wavelength peak is slightly higher than the UV peaks. This behavior arises
because the effective reduction of two non-minimal couplings to a single coupling to
the Einstein tensor G, hinders the resonance effects, thereby suppressing the pro-
duction of short-wavelength modes. Furthermore, the spectrum is enhanced in both
the super-horizon and sub-horizon regions for values of &1, &2 that amplify the k, peak
peak compared to the minimal case. In general, the amplification of the large-k peaks
is related to the behavior of the sound speed at the onset of reheating. As first noticed
in Ref.[64]the magnitude of the UV peaks is correlated with the minimal value of c?
for £ # 0. However, as we see, even if X, has no direct coupling to the Ricci tensor,
implying a constant sound speed ¢ = 1, the production of short-wavelength modes
can still be significantly more efficient than in the minimal case, given sufficiently
large values of the ratio &/n; .

e Adiabatic regularization

The best-established approach for handling UV divergences is adiabatic regulariza-
tion, developed by Fulling and Parker [69-71|. This method involves i) finding ap-
proximate solutions to the mode equations based on the Jeffreys-Wentzel-Kramers-
Brillouin (JWKB) method, ii) expanding the obtained solutions, as well as the observ-
ables constructed from them, into an adiabatic series, iii) identifying the divergent
terms of the composite quantities, and iv) subtracting the adiabatic counterterms
that remove the divergent part of a given observable. Although the above procedure is
well-defined, applying it to regularize the energy density integral of the non-minimally
coupled spin-1 field appears to be fairly intricate, as it requires finding counterterms
up to the fourth order in the adiabatic expansion. Therefore, we left this task for
future work.

"This observation stems from the fact, that for all considered values of &1, £, the minimum of ¢ does
not vary much. However, if min(c?) is considerably smaller (by at least one order of magnitude), the UV
peaks shift towards larger k, see Ref.[64].
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6.3 Relic abundance

Assuming that, at present, the kinetic energy of the X, field constitutes a negligible fraction
of its total energy %, the fractional energy of that field, expressed in terms of the critical
energy density perito = 3MEH3 = 1.054 x 1079 h? GeV cm ™3, can be calculated as
mxn
Qxh? = LXO p2  MXTX0 2 (6.18)
Pecrit,0 Perit,0

where nx o denotes the present number density of X, particles. Leveraging the fact that at
late times, i.e., for a 2 a,, the integrated comoving number density Ny = N, + N1 ~ AL,
(see Eqgs.(6.16) and (6.17)) of the X, field becomes frozen, one finds

Nx (ac\? .5
Nx = const., — nxo = oI5 \ ag H, for a 2 a,, (6.19)

where we have applied normalization introduced in Ref.[32].
It is convenient to recast the redshift factor as

() (2) ()"

Assuming that the comoving entropy density, sa®, is conserved after the completion of

reheating, one can express the ratio a,,/ap in terms of the reheating temperature

3 2 -1 10 3
2 106.75 10°Y GeV
<arh> = 50 <I59£7Th> T2~ (6.34 x 1072%) . ( ) . ( The > cm 3GeV 3,
T

ao gf,rh
(6.21)

where sg = 2970 cm ™3 is the present entropy density, and g3 ., denotes the effective number
of relativistic degrees of freedom at the end of reheating.
Furthermore, from the Friedmann equation, one finds

3(1+w) 2 T4
o2~ H2 (e = g m-th 6.22
rh e <arh 909*,rh Mgl’ ( )
which, in turn, implies

1
Qe 3 _ % Tﬁl T+@ ~ (771 10725)1%}7 ( Gx,rh )1+w
Qrh 90 HgMF%l ' 106.75

2

16-104 GeV\ ™0 ([ T, \ 7@
A LA LN B 2
% < H, ) (1010 Gev> (6:23)

o

Consequently,

Nx mx
Qxh? ~3.94 x 10% x (7.71- 107 %) T '
X 3.94 x 10> x (7.71-10"°) XagHg 1.6 x 1014 GeV

_1 1+3w 1-3w
106.75 Gx.rh 1-&@ H, T+w T, e

' : ' N A . (6.24
- < Girh ) <106.75) 1.6 x 1014 GeV 1010 GeV (6.24)

8Note that this assumption implies a lower limit on the vector mass mx.
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Hence, for the reheating scenario with a matter and radiation-like equation-of-state one
finds,

NX mx H 2 Th
Qxh? ~0.12 2 ¢ ! 6.25
e “@H? H, \102GeV) 107 GeV’ (6.25)
and
Nx my H. 5/2
Qxh? ~ (.12 . , 6.26
X omss “012aH? H, \108 GeV (6:26)

respectively. Note that above, we have fixed 9y pn, = 106.75 = g, rp, i.€., no extra relativistic
degrees of freedom beyond the SM.

Since the comoving number density, Nx, depends on the mass of the X, field, its cou-
plings to gravity, and the inflationary Hubble scale, Qxh? is a function of six parameters
{mx,He,Tin,&1,&2,n} in general. Consequently, the present abundance of the X quanta
pivots not only on the free parameters of the model but also on the evolution of the primor-
dial universe—particularly on the transition from the inflationary to radiation-dominated
phase. One observes that Qxh? is sensitive to the inflationary scale, the average equation
of state during reheating, and the reheating duration through T;;,. However, the above
findings indicate that for a radiation-like reheating scenario (n=2) the relic density of X,
is independent on the details of reheating, see also [30-32]. In Fig. 15, we show Qxh?
as a function of T}, for benchmark values of the non-minimal couplings, two choices of
mx, and fixed H.. Interestingly, depending on the values of £, &2, the present density of
non-minimally coupled massive spin-1 fields can be either greater or smaller than that of
vectors with minimal coupling to gravity. The abundance of the former exceeds that of the
latter for all &1, & for which the production of the long-wavelength modes is more efficient
than in the minimal case. In addition, one observes the same effect for &1, & for which the
large-k peak dominates over the k, peak in the number density spectrum. Comparing our
results in the two considered scenarios, we find that for fixed mx, H, and low reheating
temperature, the production of the X, quanta is more efficient in the quartic reheating
model. For instance, for &1,& = 0 and 7, ! = 0.006 the present value of Qxh?|z—¢ exceeds
Qxh2|w:1/3 if Top Z 10° GeV, and for fl,fg for which QXhQ‘wzo(fl,fg) > QXh2‘u-,:0(O,O)
(Qxh?|o=0(&1,€2) < Qxh?|5=0(0,0)) this happens at lower (higher) reheating temperature.
We also observe that for fixed He,Tin, &1, &2, decreasing the mass leads to a reduction in
the present abundance.

Let us now consider the possibility that the X, field constitutes the dominant component
of dark matter. Its stability, ensured by the Zs invariance of the action (3.1), along with
the fact that its abundance is generated solely through gravitational phenomena, makes X,
an appealing candidate for DM.

It is well known (see e.q., Refs.[30-32|) that the present abundance of massive vectors
with minimal coupling to gravity can saturate the observed relic density of dark matter
Qpmh? = 0.120 £ 0.001 measured by the Planck Collaboration [8] in the vast range of
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parameter space. Recently, the authors of Ref.[64] presented more general results for non-
minimally coupled vectors. We aim to complement this study by examining the impact of
non-zero §1,&2 on the relic abundance of X, in two realistic reheating scenarios. Notably,
the inclusion of non-minimal terms expands the parameter space in which X, can serve as a
viable dark matter candidate. As shown in Fig. (15), in the matter-like reheating scenario,
the estimated abundance of the X, field aligns with Qpwmh? across a range of temperatures
spanning more than two orders of magnitude for the considered values of &1,&. In con-
trast, in the quartic reheating model and for the chosen values of myx, He, Qxh? exceeds
Qpumh? even in the minimal coupling case. Introducing non-zero values of &1, & does not
substantially alter this result, as it does not significantly reduce the number density of
heavy vectors. Presumably, in this model the inclusion of the non-minimal couplings might
be more important for lighter species for which the minimal gravitational production is not
efficient enough. However, the numerical analysis for light, non-minimally coupled vectors
is computationally challenging, requiring tracking their evolution through late times (often
up to dozens of e-folds after inflation). Therefore, analytical estimates for the comoving
number density, including contributions from large-k modes, would be valuable; we leave
this direction for future work.

Finally, in Fig.(16) we scan the instability-free region of the model, and determine the
value of the reheating temperature for which the present density of the X, field matches
DM abundance in the quadratic reheating scenario. In the left panel, we include only the

& =5-10"6=0

10% 10%° 10% 10%° 10* 100 10° 10%° 10? 10%° 10% 10%° 10* 10*° 10° 10%°
Tn/GeV T/ GeV

T T T T T T T T T T T T

10! » 4 10! — 4
7.t = 0.00006 7.t = 0.00006

10° 10%° 10° 10%° 10* 10" 10° 10°° 10° 10%° 10° 10%° 10° 10 10° 10°°
T/ GeV Ton/GeV

Figure 15. The present abundance of the X, field as a function of the reheating temperature 7}y, for

the benchmark values of the non-minimal couplings &1, &, fixed H,, and two mass mx = 10'2 GeV
(upper) and myx = 10 GeV (lower), in the quadratic (left) and quartic (right) reheating models.
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long-wavelength part of the spectrum adopting the ’standard’ cut-off at Ayy = k.. The
observed pattern is consistent with the scan (9). Namely, compared to the &;,£2 = 0 case,
the condition Qxh?|5—0 = Qpwn is met at higher (lower) T}y, for points lying in the bottom-
right corner (along the hypotenuse), where the maximal squared amplitude is smaller (or
larger) than in the minimal case. In the right panel, we also include the large-k part of the
normal-ordered spectrum, considering larger cut-off Ayy = 40 k.. Here, we observe that a
lower reheating temperature is required to match the DM abundance, as including the full
spectrum reduces the required Ty, by more than an order of magnitude compared to the
left panel. Interestingly, a different pattern emerges: the highest T} is required for points
lying along the & = £2/2 curve, for which the X, field has only one non-minimal coupling
to Einstein tensor.
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Logyo(Tun/GeV) s0(Ten/ GeV)
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Figure 16. Left: The reheating temperature needed to saturate the observed relic abundance of
dark matter, considering only contributions from super-horizon modes. Right: The same for both
super-horizon and sub-horizon modes.

7  Summary

We have discussed a quantum theory of massive Abelian vector bosons in the FLRW clas-
sical gravitational background, i.e. within isotropic and homogeneous universe. Our goal
was to investigate in detail gravitational production of spin-1 fields, which could serve as
candidates for dark matter if a stabilizing Zo symmetry is imposed. We have assumed the
presence of the non-minimal couplings between vectors and the Ricci scalar and the Ricci
tensor. In order to preserve the U(1) invariance of the non-minimal couplings a generaliza-
tion of the Stuckelberg mechanism has been introduced.
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We have determined constraints that ensure the consistency of the model by eliminating
the ghost instability, uncontrolled ("run-away") production and super-luminal propagation
of short-wavelength modes. It has been shown that during inflation (i.e. for w = —1),
since mgﬁyx(a) ~ mgﬁt(a) as for in k? — oo, there is no "run-away" production of short-
wavelength modes. This issue may arise only during the post-inflationary epochs in models
with a non-zero coupling to the Ricci tensor. Furthermore, it has been found that in the
limit of massless vectors myx — 0, there is no safe region where both effective masses,
mgﬁvx(a) and mzﬁyt(aL remain positive for an arbitrary barotropic parameter w € [—1,1].
So, if the non-minimal couplings are present, then the vectors can not be arbitrarily light.

Canonical quantization of the Abelian gauge field in an evolving gravitational background
has been employed. We have derived and solved numerically the mode equations for both
longitudinal and transverse components of the vector boson. It has been shown that, when
the consistency conditions are imposed, the squared frequency of the transverse polariza-
tion is always positive (w%(T, k) > 0), excluding the possibility of exponential enhancement
even for non-minimal couplings. In contrast, the long-wavelength modes of the longitudinal
component of the X, field are generally subject to exponential enhancement during certain
periods of inflation and/or reheating. The tachyonic amplification is sensitive to the values
of non-minimal couplings, and depending on the specific choices of &1, &, it may intensify
or attenuate the effect observed in the minimal model. Regions of exponential enhancement
of the solutions have been determined numerically, illustrated, and thoroughly discussed.
In addition, it has been pointed out that the inclusion of non-minimal couplings alter the
dynamics of subhorizon modes that never exit the Hubble horizon.

The spectral energy density for three physical polarizations has been calculated. Two
peaks in the spectrum that may likely dominate the integrated energy density have been
identified. The first, corresponding to lower momentum kx < k., has already been observed
for the minimally-coupled vectors. The second, appearing in the UV tail od the spectrum,
could dominate the gravitational production of vectors, making its unambiguous verifica-
tion crucial. Since the spectral energy density is UV divergent, a regularization method
must be adopted. Here, we have compared the regularization by normal ordering [25, 68]
against a one with a straightforward cut-off imposed on sub-horizon modes. Both methods
coincide until roughly the location of the first peak, however for higher momentum they
differ substantially. In particular the second peak might be solely an artifact of regular-
ization method adopted to cure the UV divergence of the spectral density. Hence, more
comprehensive discussion involving the adiabatic regularization is needed. Therefore, a
more comprehensive discussion involving adiabatic regularization is warranted. Eventually,
assuming the stability of the X, field, we have determined its present abundance and ex-
plored the parameter space where the predicted relic density matches the observed dark
matter density.

Finally, let us outline potential extensions and future directions stemming from this work.
First, it would be interesting to explore the full dynamics of the vector field in the presence
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of the (dark) Higgs field. Additionally, obtaining analytical solutions for the mode equa-
tions of the longitudinal components could be beneficial, as it would allow for a quantitative
description of the spectrum of non-minimally coupled vectors in terms of their mass, the
inflationary Hubble scale, and the non-minimal couplings. Lastly, to reliably verify the
existence of an additional peak in the UV tail of the spectrum, a more thorough analysis
of the regularization methods is necessary, along with independent validation of the results
using adiabatic regularization.
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A Energy-momentum tensor of non-minimally coupled vector field

In this appendix, we derive the generic formula for the energy-momentum tensor of a
non-minimally coupled vector field. To begin, let us recall the standard definition of the
stress-energy tensor

o2 0
g agr

with Sy being an action for a matter component.

(A1)

To find the energy-momentum tensor of a spin-1 field X, whose action is given in Eq.(3.1),
it is instructive to distinguish the following terms:
X M
T =T +T5 +T52, (A.2)
accounting for three contributions arising from the minimal coupling, i.e., from the the
first two terms in Eq.(3.1), the non-minimal coupling to the Ricci scalar (the third term in
Eq.(3.1)), and the non-minimal coupling to the Ricci tensor (the fourth term in Eq.(3.1)).
Then, utilizing the following expression for the variation of the determinant of the metric
tensor:
v—9

6(\/jg) = _Tguvdgm/? (A3)

one can find the well-known formula for the energy-momentum tensor of the minimally-
coupled vector field

1 m2
Ty = guw (4gp”g“ﬁxpaxgﬁ - 2Xga'BXaX5> — "X 0 Xps +mA X, X, (A4)
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Derivation of the remaining two contributions is less common in standard textbooks, and
thus deserves special emphasis. First, we observe that the variation of the third term in
Eq.(3.1) is given by

’ <_%ngg“”RXuXv> N _% [9" Ro(v/=g) + V—gRog"" + \/—gg" 0] X, X,

= —%\/TQR [—;gwgpc’XpXo + X, X, | 0g"
_ %\/ngwéRXqu. (A.5)
From the definition of the Ricci scalar, one finds
OR = R,,09"" + g"0R,., (A.6)
whereas the variation of the Ricci tensor, known as the Palatini identity, reads
ORyus = V,(8T5,) — V. (3T%,), (A7)
with
0, = 5 [9owV0(60%) + 00 V,(007) — 00029759 (43)
—%J—igg“”XﬂXyéR = —%\/ng“ﬁ XaXpgRyo9" — %\/—799"‘5 XaXpg" 0 R, (A.9)
and the variation of the second term can be explicitly written as
I= —%\/jggaﬁXaXﬁQWCSRw = —%\/fggaﬁXaxﬁg“” [V,(0T8,) = Vi (0TF,)]
= %\/jggaﬁ XaXﬁg"”{Vp [gauvu(f?g"” )+ 9ouVi(69°) = GuogunV? (59‘”)}
=V [0V 07 800707~ 3T |
= SV T X - 0900, 06X g, (A.10)

2

where passing from the second to third equality we have performed two integration by parts
for each term.
All in all,

; , ¢ 1 .
5 (—;w—*ggﬂ RX,uX, ) = =5 v/~ |(Ruw — 59 R)9” X, X0 + RX, X,

+ g VPV (X, X%) = V.V, (X, X7)| 59" (A.11)
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and, thus,

51 = {1[— RX, X, —Gug"" X, Xs — 9u9™g ofb VsV (X Xﬁ) +9V,.V, (X X5) |-
(A.12)

Similarly, the variation of the last term in the action (3.1) reads

Vo é— vo vo
( V=99""9"" Rype X, X ) 2[9’”9 Ros6(v/—9) + vV—99"" Rys0g"*

+ V=99" Rps69"" + /=99"" 9" 0 Rps| X, X,

_&
2

+ QPURWXVXP] dgh” + %ngg“pg””XquéRpg. (A.13)

1
-9 |:2gaprURanaXﬁg/w + gposzoXuXp

Inserting relation (A.8) into (A.7), one finds that the last term above can be written as
vo €2 vo

g=22 /*gupg X, X, 0R,0 = 5,/_991109 X, X, [V,\(dF[/}p) — Vg(él“ﬁp)}

= _Z V _ggMPgVUXHXV{V)\ [gaavp((sga)\) + gozpva((sga)\) - gaagpﬁv/\((sgaﬁ)]

-V, [gap%(ég‘”) + 9arVp(69°%) = 9ra0psV (69"7 )} }

_ _ff\/fg{vow(xaxy) + VoVu(X7X,) = VIV (X X)) — guquVo(X”X")}ég“”-

(A.14)

The above formula can be further simplified by noting that

T = VoVu(X7X,) = VuVe(X7X,) + VoV (XX,) — V, Ve (X7X,)
= X, (VoV,uX7) = X, (Vi Ve X) + XO(VoV X)) — X0 (VuVoX,) + Xu(VeV, X9)
— X (Vo VoX%) + X7 (VoV, X,) — X (V, Ve X))
= X, ([Vo, VA X) + X([Vo, Vi) X0) + X[V, Vo] X) + X[V, V,]X,). (A15)

In the absence of torsion, the commutator of covariant derivatives acting on contravariant

and covariant vectors is given by
[Va, V] X Rﬁaﬁ v Va, Vgl X, = —R),3X0, (A.16)

which, in turn, implies

J=X RZUM XURﬁauX + X RZUV XURZUV
=g (Rp,uXaXu + RpuXaXu) . (A.17)
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As a result

7= éf\/i—g{ P (RypXo X+ Bow Xo X,0) + VOV (X, X0) + 91V p Vo (XPX)
VLV (X7X,) = Y, Ve (XX, }59#2 (A18)

which, in turn, implies

) <£22¢jgg“pg””RanuXu> = 32\/—79[ — 999" Ry Xo X5 + 29" Ruo X1 X,
+ 207 Ryuo Xy X, + VoV (X X)) + 9 VPV (X, X,)
~ V.V, (X7X,) - V,,VU(X"X#)] Sghv. (A.19)
Consequently,
TS = %2 — 9w 9°°9" Ry X0 X5 + 29" Ry X X, + 29" R X, X, + ¢V , Vo (X, X))
+ 9w I VAV (X, X)) — 9V, Ve (X0 X)) — g’\”V,,VU(X,\XM)} . (A.20)

B Energy density
The energy density of the X, field, px = gOOTgf), can be written as a sum of three contri-
butions

px = pX + 0% + 0%, (B.1)

arising from minimal coupling to gravity, non-minimal coupling to the Ricci scalar, and
non-minimal coupling to the Ricci tensor, respectively.

: . (2 2 2 2 — (2 ) ) -2
In conformal coordinates, g, = (a*, —a®, —a®, —a”), g¢"¥ = (™%, —a~*,—a~*,—a""), and

the only non-zero components of the connection I’i‘w are

1180 = F?i = on = f)i =aH. (B.2)
Hence,
Roo = —3H/, R;; = (Hl + 27—[2) i, (B.3)
with
/
1
HEg:Ha, H'——( +3w)cLQHz. (B.4)
a 2
The Ricci scalar is
R=—6a"2(H +H?, (B.5)
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and the non-zero components of the Einstein tensor are
Goo = 37‘[2, Gij = — (27’[/ + HQ) 51] (B.6)

As a result, one finds

1 1
PN = o [(X; — 9 X0)? + 5(ajxi — 0; X;)* + a*m% X3 + an?XXE] , (B.7)
P = % {— Ywa’H?> X3 + 3H?a®>X? 4+ VH(X?) — Vf(X]?)] : (B.8)

9 3
PR = 2% [2(1 + 3w)a’H2XE + g1+ w)a*H*X? — VH(X3) + ViV (X X;)
— [Vo, Vi](XiXO)] . (B.9)

To simplify the last two expressions, one needs to calculate the following derivatives:

VI(X3) = 2Xo Vi (Xo) + 2(ViXo)?, (B.10)
ViX7) = 2X; V(X)) +2(ViX;)?, (B.11)

ViVj(XiXj) = XjVi(V;Xi) + (ViXa)(V; X5) + (ViX;) (Vi Xi) + XiVi(V; X;),  (B.12)
and
Vo, Vil(X; X0) = —XoRi; X, — XiRby, X, = —H'(3X3 + X?). (B.13)
Employing a definition of the covariant derivative:
VX =0, X, — T, X, (B.14)
one shows that
Vo (VuX0) = 05(9,X,) — T2,(VaX,) = T, (V,X5). (B.15)
Consequently, expressions (B.10) - (B.12) become
Vi(X5) =2 [Xoafxo + (0:X0)? — 2T X090, X; — 2T X0, X0 — I XoX( + Tipl'§ X§

+%%ﬁ} (B.16)

ViVj(Xin) = Xjaiéin + Xi@-anj + (8ZXZ)(OJXJ) + ((%X])(anz) — QngXin{
— AT (X:0: X0 + X00: X;) + 2019 X3 + 20910, X2, (B.17)

i 1 %
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Inserting the above results back into Eqgs.(B.8) and (B.9), one obtains

o= 51[ (Xoa Xo — X;07 X + (8: X0)* — (ain)2>

—3aH (XoX{ + X{ X0 — X; X] — X! X;) — Qwa® H*X§ — 3H2a2Xi2} : (B.18)

PR = 2’524 [X 0,0, X; + X:0:0;X; + (0:X,)(0; X;) + (0: X:) (0, X;) — 2X00? Xo — 2(9; X73)
+ 3aH (Xo X4 + X{ X0 — Xi X! — X!X;) +9(1 + w)a>H2 X2 + 2a2H2X§] : (B.19)

Note that for the coupling to Einstein tensor, i.e., for &, = 2£7, the above formulas simplify
as

PR = % {— 2X;07 X — 2(0:X;)? + X;0i0p X + Xi0,0,. X + (9:X;)(9; X;)
+9a?H?* X3 — aQHQXiQ} , (B.20)

which agrees with the result found in Ref.[34].
Then, using decomposition Eq.(3.5), one finds

3 3 RPN gy . o .
=g [ ot | o X0 X0) i [Xal0E - X ) + Xola)d K1)

+ (P — k@) | Xo(k)Xo(a) + X (k) - X(a)] + (B.21)

| I
=
=<l
—~
=)
=
=N
<L
Py
k
=
g

3 3 LT " o

—2[¢? + K- ] [Xo(k)Xo(q) = X(k) - X(g)| — 3aH [Xo(k)Xj(q) + X (k) Xo(q)]
+ 3aH [X’(k) X))+ X'(k)- X q)] } (B.22)

(
it = ot [ o [ el [ax (- X(a) + 901+ w)Xo() Xalo)

+ 3aH [Xo(K)X4(q) + X()Xola)] — 3aH [£(k) - X'(q) + £'(8) - £(g)]

-7 XWll7- X(@)] - F- XWIF- X ()] - - X7 X)) - 7 K@IF - K]

42 [k;Q k- (7] XO(k:)XO(q)}, (B.23)

where we have left time dependence implicit.

The zero component of the vector field, Xy, does not have a kinetic term. Furthermore, it
does not mix longitudinal and transverse modes, allowing it to be isolated from the other
three physical components of the X, field. It can be shown that

—ik - X'(1, k)

Xo(r, k) = k% + a?m5;

, X (k) = ik - X (7, k) — 2HXo (7, k). (B.24)
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Substituting the above relations into Eqs.(B.21)-(B.22), one gets

Mo L [ &k / d*q i<zz+q->.f{g,(k)_ g - B XWIE-X'(@) (7 X'(@ll7- X' (k)

= e
2a* ) (27)3 ) (27m)3 k% + a?m5; ¢ + a?m’

[E - X' (k))[g- X' ()] = >
(k2 + a2m_2X)(q2 +a2m§() + X (k) - X(q)

3 3
E1_£1 dk/dq i(k+q)- 2 2
A =i | G | o A
q-

[ - X' (k)]
(k2 + asz)(qQ

R mn},
(B.25)

[k - X' (k))[7- X'()]
(k% + a?m%)(¢% + a?m%)

+ (@®*m% — k- [—

X(k) - X(q) — 3w

+2[q2+l§-qﬂ

[E- X'(B)]17- X(q)] | [F- X(®)][7- X'(g)] [k - X' (k)] X'(q)]
—3aH k% 4+ a?m5 * ¢ + a*m’ i H(k2 + a?m%)(¢% + a?m%)
)X - Ky )| (320
Bk Bq i o k- X'(K)[qX'(q
% =5 | oy | ™ {"’2H2 [2X(k)X<q)_9<1+w)(k2[+a2 DD
k-X' (k)7 X k- X (k)T X' k- X'(k)7- X'
. 3aH[[ Rl ), [ X0ll7 X +4GH<k2[+ 2 Trgx); Z Xl 5

~ [k X(@)lg- X (k)] - [ X@IF- X (k)] —2 [12 +F -] (k?ﬁjivgg)]g?‘ f/ég;}ng{) }

(B.27)

Then, let us promote the classical X, field to the quantum operator X » and compute the
expectation value of the energy density operator:

(hx) = (0X) + (%) + (%), (B.28)
To that end, we introduce a canonical vector field variable
2, d3k A . o -
=Y / SB)eFER (1, k), An(r, k) = an(B) A (k) + L (—R) A3 (, k),

A=%4,L
(B.29)

where the annihilation and creation operators satisfy the following commutation relations:
[ax(k), k()] = S (2m)*6 (k= @), [ax(R),an (@) =0, [a} (), al, ()] =0, (B.30)

the polarization vectors are
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Note that the mode functions X are normalized by the Wronskian condition
W[y, Xy] = X% — XX\ = —i. (B.32)

Hence, we can identify XL with the transverse mode function satisfying Eq.(3.14), i.e
X+ = X4, whereas the mode function A7, for the longitudinal polarization, satisfying
Eq.(3.14) is related to the longitudinal component of the vector field through Eq.(3.11).
Next, let us define the following power spectra:

(X5(1, k) - Xy (7, q)) = ban (27)36C (k:+q’) PXA(T k), (B.33)

(X5 (7, k) - X3 (7,.q)) = Saw (2m) %6 (I + @7) PX’ (r.k), (B.34)
2
(Xn(7, k) - X5 (7, 9)) + (XX (7, k) - X (7, 0)) = San (27) %0 (ke + 5)?7’;\3/@ (1. k). (B.35)

The total energy density of the vector field can be expressed as the sum of the energy
densities of the longitudinal and transverse components

(px) = (L) + (P+), (B.36)

where
(oL) = () + (A5 + (552), B.37)
(pr) = (Y + (6) + (62 (B.38)

After some algebra, one finds
1 3k 2n? a’m? a’m?
AMy X 2 X
(L) = 2(14/ (2m)3 k:?’{k2 + a?m5 ALP; + k2 4+ a?m5; 7 ALy 1P,
a?m?
k% 4+ a?m5

43k 2m? k2
(pi') = gl/ )32];{3(@)2(2 (4 — 3w) A Py

- |:a2m§(A% + (A’L)Q} PXL}, (B.39)

a* | (27 k2 + a2m§()
3(aH)?(4 — 3w)(k2_|_]j2mX)A’ Ap + 3aHm | Pa,x;
3(aH)? (4 — 3w) M(A’) + 6aHWALA’ 3a2H?A? PXL},
(B.40)
() = j;/f&,if{?)(am?(?)w - 1)%’:;) A2 Py
3(aH)? (3w — 1)MALAL — 3aﬂm P Py
aH) G —|—]sz§()2 (3w — 1)(Ap)* + 6aH(2’§2++aj m>§ AL AL + 2(aH)? A} PXL},

(B.41)
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and

a1 3k 2m?

2 2, 2
(pt) = Gy (27_‘_)3]{;3{7)?(:":(7-7 k) + (k" + a”mx )P, (T, k)}7 (B.42)
. &1 P’k 27? 2772
<p§t1> = g (27)3? —3a“H Pxi(T,k)—i-fiaHPXiXi 5 (B43)
(p%) = ) @Ew 20°H* P, (1, k) — 3aHPx, x1 ¢- (B.44)
References
[1] M. Cirelli, A. Strumia and J. Zupan, Dark Matter, 2406.01705.
[2] N. Bozorgnia, J. Bramante, J. M. Cline, D. Curtin, D. McKeen, D. E. Morrissey et al., Dark
Matter Candidates and Searches, 2410.23454.
[3] D. J. H. Chung, E. W. Kolb and A. Riotto, Superheavy dark matter, Phys. Rev. D 59 (1998)
023501, [hep-ph/9802238].
[4] D. J. H. Chung, E. W. Kolb and A. Riotto, Nonthermal supermassive dark matter, Phys.
Rev. Lett. 81 (1998) 4048-4051, [hep-ph/9805473|.
[5] D. J. H. Chung, E. W. Kolb and A. Riotto, Production of massive particles during reheating,
Phys. Rev. D 60 (1999) 063504, [hep-ph/9809453|.
[6] E. W. Kolb, D. J. H. Chung and A. Riotto, WIMPzillas!, AIP Conf. Proc. 484 (1999)
91-105, [hep-ph/9810361].
[7] D.J. H. Chung, P. Crotty, E. W. Kolb and A. Riotto, On the Gravitational Production of
Superheavy Dark Matter, Phys. Rev. D 64 (2001) 043503, [hep-ph/0104100].
[8] PLANCK collaboration, Y. Akrami et al., Planck 2018 results. X. Constraints on inflation,
Astron. Astrophys. 641 (2020) A10, [1807.06211].
[9] M. Garny, M. Sandora and M. S. Sloth, Planckian Interacting Massive Particles as Dark
Matter, Phys. Rev. Lett. 116 (2016) 101302, [1511.03278].

[10] Y. Ema, R. Jinno, K. Mukaida and K. Nakayama, Gravitational particle production in
oscillating backgrounds and its cosmological implications, Phys. Rev. D 94 (2016) 063517,
[1604.08898].

[11] M. Garny, A. Palessandro, M. Sandora and M. S. Sloth, Theory and Phenomenology of
Planckian Interacting Massive Particles as Dark Matter, JCAP 02 (2018) 027, [1709.09688].

[12] E. W. Kolb and A. J. Long, Superheavy dark matter through Higgs portal operators, Phys.
Rev. D 96 (2017) 103540, [1708.04293|.

[13] Y. Tang and Y.-L. Wu, On Thermal Gravitational Contribution to Particle Production and
Dark Matter, Phys. Lett. B 774 (2017) 676-681, [1708.05138].

[14] Y. Ema, K. Nakayama and Y. Tang, Production of Purely Gravitational Dark Matter, JHEP
09 (2018) 135, [1804.07471].

[15] D. J. H. Chung, E. W. Kolb and A. J. Long, Gravitational production of super-Hubble-mass
particles: an analytic approach, JHEP 01 (2019) 189, [1812.00211].

[16] Y. Ema, K. Nakayama and Y. Tang, Production of purely gravitational dark matter: the case

of fermion and vector boson, JHEP 07 (2019) 060, [1903.10973|.

— 49 —


http://arxiv.org/abs/2406.01705
http://arxiv.org/abs/2410.23454
http://dx.doi.org/10.1103/PhysRevD.59.023501
http://dx.doi.org/10.1103/PhysRevD.59.023501
http://arxiv.org/abs/hep-ph/9802238
http://dx.doi.org/10.1103/PhysRevLett.81.4048
http://dx.doi.org/10.1103/PhysRevLett.81.4048
http://arxiv.org/abs/hep-ph/9805473
http://dx.doi.org/10.1103/PhysRevD.60.063504
http://arxiv.org/abs/hep-ph/9809453
http://dx.doi.org/10.1063/1.59655
http://dx.doi.org/10.1063/1.59655
http://arxiv.org/abs/hep-ph/9810361
http://dx.doi.org/10.1103/PhysRevD.64.043503
http://arxiv.org/abs/hep-ph/0104100
http://dx.doi.org/10.1051/0004-6361/201833887
http://arxiv.org/abs/1807.06211
http://dx.doi.org/10.1103/PhysRevLett.116.101302
http://arxiv.org/abs/1511.03278
http://dx.doi.org/10.1103/PhysRevD.94.063517
http://arxiv.org/abs/1604.08898
http://dx.doi.org/10.1088/1475-7516/2018/02/027
http://arxiv.org/abs/1709.09688
http://dx.doi.org/10.1103/PhysRevD.96.103540
http://dx.doi.org/10.1103/PhysRevD.96.103540
http://arxiv.org/abs/1708.04293
http://dx.doi.org/10.1016/j.physletb.2017.10.034
http://arxiv.org/abs/1708.05138
http://dx.doi.org/10.1007/JHEP09(2018)135
http://dx.doi.org/10.1007/JHEP09(2018)135
http://arxiv.org/abs/1804.07471
http://dx.doi.org/10.1007/JHEP01(2019)189
http://arxiv.org/abs/1812.00211
http://dx.doi.org/10.1007/JHEP07(2019)060
http://arxiv.org/abs/1903.10973

[17]

[18]

[19]

[20]

21]
[22]

23]

24]

[25]

[26]

[27]
28]

29]

[30]

[31]

32]

[33]

[34]

[35]

[36]

37]

M. A. G. Garcia, K. Kaneta, Y. Mambrini and K. A. Olive, Inflaton Oscillations and
Post-Inflationary Reheating, JCAP 04 (2021) 012, [2012.10756].

Y. Mambrini and K. A. Olive, Gravitational Production of Dark Matter during Reheating,
Phys. Rev. D 103 (2021) 115009, [2102.06214].

S. Clery, Y. Mambrini, K. A. Olive and S. Verner, Gravitational portals in the early
Universe, Phys. Rev. D 105 (2022) 075005, [2112.15214].

O. Lebedev, Scalar overproduction in standard cosmology and predictivity of non-thermal
dark matter, JCAP 02 (2023) 032, [2210.02293].

O. Lebedev and J.-H. Yoon, On gravitational preheating, JCAP 07 (2022) 001, [2203.15808].

O. Lebedev, T. Solomko and J.-H. Yoon, Dark matter production via a non-minimal coupling
to gravity, JCAP 02 (2023) 035, [2211.11773].

E. Basso, D. J. H. Chung, E. W. Kolb and A. J. Long, Quantum interference in gravitational
particle production, JHEP 12 (2022) 108, [2209.01713].

S. Clery, Y. Mambrini, K. A. Olive, A. Shkerin and S. Verner, Gravitational portals with
nonminimal couplings, Phys. Rev. D 105 (2022) 095042, [2203.02004].

E. W. Kolb and A. J. Long, Cosmological gravitational particle production and its
implications for cosmological relics, 2312.09042.

M. A. G. Garcia, M. Pierre and S. Verner, New window into gravitationally produced scalar
dark matter, Phys. Rev. D 108 (2023) 115024, [2305. 144486].

S. Verner, Nonminimal Superheavy Dark Matter, 2408.11889.

D. Racco, S. Verner and W. Xue, Gravitational production of heavy particles during and after
inflation, JHEP 09 (2024) 129, [2405.13883].

D. J. H. Chung, L. L. Everett, H. Yoo and P. Zhou, Gravitational Fermion Production in
Inflationary Cosmology, Phys. Lett. B 712 (2012) 147-154, [1109.2524].

P. W. Graham, J. Mardon and S. Rajendran, Vector Dark Matter from Inflationary
Fluctuations, Phys. Rev. D 93 (2016) 103520, [1504.02102].

A. Ahmed, B. Grzadkowski and A. Socha, Gravitational production of vector dark matter,
JHEP 08 (2020) 059, [2005.01766].

E. W. Kolb and A. J. Long, Completely dark photons from gravitational particle production
during the inflationary era, JHEP 03 (2021) 283, [2009.03828].

J. A. R. Cembranos, L. J. Garay, A. Parra-Lopez and J. M. Sanchez Velazquez, Vector dark
matter production during inflation and reheating, JCAP 02 (2024) 013, [2310.07515].

0. Ozsoy and G. Tasinato, Vector dark matter, inflation and non-minimal couplings with
gravity, 2310.03862.

C. Capanelli, L. Jenks, E. W. Kolb and E. McDonough, Runaway Gravitational Production
of Dark Photons, Phys. Rev. Lett. 133 (2024) 061602, [2403.15536].

C. Capanelli, L. Jenks, E. W. Kolb and E. McDonough, Gravitational production of
completely dark photons with nonminimal couplings to gravity, JHEP 09 (2024) 071,
[2405..19390].

G. Casagrande, E. Dudas and M. Peloso, On energy and particle production in cosmology:
the particular case of the gravitino, JHEP 06 (2024) 003, [2310.14964].

— 50 —


http://dx.doi.org/10.1088/1475-7516/2021/04/012
http://arxiv.org/abs/2012.10756
http://dx.doi.org/10.1103/PhysRevD.103.115009
http://arxiv.org/abs/2102.06214
http://dx.doi.org/10.1103/PhysRevD.105.075005
http://arxiv.org/abs/2112.15214
http://dx.doi.org/10.1088/1475-7516/2023/02/032
http://arxiv.org/abs/2210.02293
http://dx.doi.org/10.1088/1475-7516/2022/07/001
http://arxiv.org/abs/2203.15808
http://dx.doi.org/10.1088/1475-7516/2023/02/035
http://arxiv.org/abs/2211.11773
http://dx.doi.org/10.1007/JHEP12(2022)108
http://arxiv.org/abs/2209.01713
http://dx.doi.org/10.1103/PhysRevD.105.095042
http://arxiv.org/abs/2203.02004
http://arxiv.org/abs/2312.09042
http://dx.doi.org/10.1103/PhysRevD.108.115024
http://arxiv.org/abs/2305.14446
http://arxiv.org/abs/2408.11889
http://dx.doi.org/10.1007/JHEP09(2024)129
http://arxiv.org/abs/2405.13883
http://dx.doi.org/10.1016/j.physletb.2012.04.066
http://arxiv.org/abs/1109.2524
http://dx.doi.org/10.1103/PhysRevD.93.103520
http://arxiv.org/abs/1504.02102
http://dx.doi.org/10.1007/JHEP08(2020)059
http://arxiv.org/abs/2005.01766
http://dx.doi.org/10.1007/JHEP03(2021)283
http://arxiv.org/abs/2009.03828
http://dx.doi.org/10.1088/1475-7516/2024/02/013
http://arxiv.org/abs/2310.07515
http://arxiv.org/abs/2310.03862
http://dx.doi.org/10.1103/PhysRevLett.133.061602
http://arxiv.org/abs/2403.15536
http://dx.doi.org/10.1007/JHEP09(2024)071
http://arxiv.org/abs/2405.19390
http://dx.doi.org/10.1007/JHEP06(2024)003
http://arxiv.org/abs/2310.14964

[38] E. W. Kolb, S. Ling, A. J. Long and R. A. Rosen, Cosmological gravitational particle
production of massive spin-2 particles, JHEP 05 (2023) 181, [2302.04390].

[39] A. Hell, Unwveiling the inconsistency of the Proca theory with non-minimal coupling to
gravity, 2403.18673.

[40] R. Kallosh, A. Linde and D. Roest, Superconformal Inflationary a-Attractors, JHEP 11
(2013) 198, [1311.0472].

[41] R. Kallosh and A. Linde, Universality Class in Conformal Inflation, JCAP 07 (2013) 002,
[1306.5220].

[42] R. Kallosh and A. Linde, Multi-field Conformal Cosmological Attractors, JCAP 12 (2013)
006, [1309.2015].

[43] A. Ahmed, B. Grzadkowski and A. Socha, Higgs boson induced reheating and ultraviolet
frozen-in dark matter, JHEP 02 (2023) 196, [2207.11218].

[44] L. F. Abbott, E. Farhi and M. B. Wise, Particle Production in the New Inflationary
Cosmology, Phys. Lett. B 117 (1982) 29.

[45] D. V. Nanopoulos, K. A. Olive and M. Srednicki, After Primordial Inflation, Phys. Lett. B
127 (1983) 30-34.

[46] J. H. Traschen and R. H. Brandenberger, Particle Production During Out-of-equilibrium
Phase Transitions, Phys. Rev. D 42 (1990) 2491-2504.

[47] L. Kofman, A. D. Linde and A. A. Starobinsky, Reheating after inflation, Phys. Rev. Lett. 73
(1994) 3195-3198, [hep-th/9405187].

[48] S. Y. Khlebnikov and I. I. Tkachev, Classical decay of inflaton, Phys. Rev. Lett. 77 (1996)
219-222, [hep-ph/9603378].

[49] L. Kofman, A. D. Linde and A. A. Starobinsky, Towards the theory of reheating after
inflation, Phys. Rev. D 56 (1997) 3258-3295, [hep-ph/9704452].

[50] J. T. Giblin, Jr. and J. B. Mertens, Vacuum Bubbles in the Presence of a Relativistic Fluid,
JHEP 12 (2013) 042, [1310.2948].

[61] M. A. G. Garcia, K. Kaneta, Y. Mambrini and K. A. Olive, Reheating and Post-inflationary
Production of Dark Matter, Phys. Rev. D 101 (2020) 123507, [2004.08404].

[52] B. R. Greene, T. Prokopec and T. G. Roos, Inflaton decay and heavy particle production with
negative coupling, Phys. Rev. D 56 (1997) 6484-6507, [hep-ph/9705357].

[53] J. F. Dufaux, G. N. Felder, L. Kofman, M. Peloso and D. Podolsky, Preheating with trilinear
interactions: Tachyonic resonance, JCAP 07 (2006) 006, [hep-ph/0602144].

[54] G. N. Felder, J. Garcia-Bellido, P. B. Greene, L. Kofman, A. D. Linde and I. Tkachev,
Dynamics of symmetry breaking and tachyonic preheating, Phys. Rev. Lett. 87 (2001)
011601, [hep-ph/0012142].

[55] G. N. Felder, L. Kofman and A. D. Linde, Tachyonic instability and dynamics of spontaneous
symmetry breaking, Phys. Rev. D 64 (2001) 123517, [hep-th/0106179].

[56] M. A. G. Garcia and M. Pierre, Reheating after Inflaton Fragmentation, 2306.08038.

[57] M. A. G. Garcia, M. Gross, Y. Mambrini, K. A. Olive, M. Pierre and J.-H. Yoon, Effects of
fragmentation on post-inflationary reheating, JCAP 12 (2023) 028, [2308.16231].

~ 51 —


http://dx.doi.org/10.1007/JHEP05(2023)181
http://arxiv.org/abs/2302.04390
http://arxiv.org/abs/2403.18673
http://dx.doi.org/10.1007/JHEP11(2013)198
http://dx.doi.org/10.1007/JHEP11(2013)198
http://arxiv.org/abs/1311.0472
http://dx.doi.org/10.1088/1475-7516/2013/07/002
http://arxiv.org/abs/1306.5220
http://dx.doi.org/10.1088/1475-7516/2013/12/006
http://dx.doi.org/10.1088/1475-7516/2013/12/006
http://arxiv.org/abs/1309.2015
http://dx.doi.org/10.1007/JHEP02(2023)196
http://arxiv.org/abs/2207.11218
http://dx.doi.org/10.1016/0370-2693(82)90867-X
http://dx.doi.org/10.1016/0370-2693(83)91624-6
http://dx.doi.org/10.1016/0370-2693(83)91624-6
http://dx.doi.org/10.1103/PhysRevD.42.2491
http://dx.doi.org/10.1103/PhysRevLett.73.3195
http://dx.doi.org/10.1103/PhysRevLett.73.3195
http://arxiv.org/abs/hep-th/9405187
http://dx.doi.org/10.1103/PhysRevLett.77.219
http://dx.doi.org/10.1103/PhysRevLett.77.219
http://arxiv.org/abs/hep-ph/9603378
http://dx.doi.org/10.1103/PhysRevD.56.3258
http://arxiv.org/abs/hep-ph/9704452
http://dx.doi.org/10.1007/JHEP12(2013)042
http://arxiv.org/abs/1310.2948
http://dx.doi.org/10.1103/PhysRevD.101.123507
http://arxiv.org/abs/2004.08404
http://dx.doi.org/10.1103/PhysRevD.56.6484
http://arxiv.org/abs/hep-ph/9705357
http://dx.doi.org/10.1088/1475-7516/2006/07/006
http://arxiv.org/abs/hep-ph/0602144
http://dx.doi.org/10.1103/PhysRevLett.87.011601
http://dx.doi.org/10.1103/PhysRevLett.87.011601
http://arxiv.org/abs/hep-ph/0012142
http://dx.doi.org/10.1103/PhysRevD.64.123517
http://arxiv.org/abs/hep-th/0106179
http://arxiv.org/abs/2306.08038
http://dx.doi.org/10.1088/1475-7516/2023/12/028
http://arxiv.org/abs/2308.16231

[58] Y. Shtanov, J. H. Traschen and R. H. Brandenberger, Universe reheating after inflation,
Phys. Rev. D 51 (1995) 5438-5455, [hep-ph/9407247].

[59] S. Sarkar, Big bang nucleosynthesis and physics beyond the standard model, Rept. Prog. Phys.
59 (1996) 1493-1610, [hep-ph/9602260].

[60] P. de Salas, M. Lattanzi, G. Mangano, G. Miele, S. Pastor and O. Pisanti, Bounds on very
low reheating scenarios after Planck, Phys. Rev. D 92 (2015) 123534, [15611.00672].

[61] T. Hasegawa, N. Hiroshima, K. Kohri, R. S. L. Hansen, T. Tram and S. Hannestad,
MeV-scale reheating temperature and thermalization of oscillating neutrinos by radiative and
hadronic decays of massive particles, JCAP 12 (2019) 012, [1908.10189].

[62] H. Ruegg and M. Ruiz-Altaba, The Stueckelberg field, Int. J. Mod. Phys. A19 (2004)
3265-3348, [hep-th/0304245].

[63] M. Duch, B. Grzadkowski and J. Wudka, Classification of effective operators for interactions
between the Standard Model and dark matter, JHEP 05 (2015) 116, [1412.0520].

[64] C. Capanelli, L. Jenks, E. W. Kolb and E. McDonough, Gravitational Production of
Completely Dark Photons with Nonminimal Couplings to Gravity, 2405.19390.

[65] N. D. Birrell and P. C. W. Davies, Quantum Fields in Curved Space. Cambridge Monographs
on Mathematical Physics. Cambridge University Press, Cambridge, UK, 1982,
10.1017/CB09780511622632.

[66] V. Mukhanov and S. Winitzki, Introduction to quantum effects in gravity. Cambridge
University Press, 6, 2007.

[67] P. B. Greene, L. Kofman, A. D. Linde and A. A. Starobinsky, Structure of resonance in
preheating after inflation, Phys. Rev. D 56 (1997) 61756192, [hep-ph/9705347].

[68] D. J. H. Chung, E. W. Kolb, A. Riotto and L. Senatore, Isocurvature constraints on
gravitationally produced superheavy dark matter, Phys. Rev. D 72 (2005) 023511,
[astro-ph/0411468].

[69] S. A. Fulling, L. Parker and B. L. Hu, Conformal energy-momentum tensor in curved
spacetime: Adiabatic reqularization and renormalization, Phys. Rev. D 10 (1974) 3905-3924.

[70] S. A. Fulling and L. Parker, Renormalization in the theory of a quantized scalar field
interacting with a robertson-walker spacetime, Annals Phys. 87 (1974) 176-204.

[71] L. Parker and S. A. Fulling, Adiabatic regularization of the energy momentum tensor of a
quantized field in homogeneous spaces, Phys. Rev. D 9 (1974) 341-354.

~ 52—


http://dx.doi.org/10.1103/PhysRevD.51.5438
http://arxiv.org/abs/hep-ph/9407247
http://dx.doi.org/10.1088/0034-4885/59/12/001
http://dx.doi.org/10.1088/0034-4885/59/12/001
http://arxiv.org/abs/hep-ph/9602260
http://dx.doi.org/10.1103/PhysRevD.92.123534
http://arxiv.org/abs/1511.00672
http://dx.doi.org/10.1088/1475-7516/2019/12/012
http://arxiv.org/abs/1908.10189
http://dx.doi.org/10.1142/S0217751X04019755
http://dx.doi.org/10.1142/S0217751X04019755
http://arxiv.org/abs/hep-th/0304245
http://dx.doi.org/10.1007/JHEP05(2015)116
http://arxiv.org/abs/1412.0520
http://arxiv.org/abs/2405.19390
http://dx.doi.org/10.1017/CBO9780511622632
http://dx.doi.org/10.1103/PhysRevD.56.6175
http://arxiv.org/abs/hep-ph/9705347
http://dx.doi.org/10.1103/PhysRevD.72.023511
http://arxiv.org/abs/astro-ph/0411468
http://dx.doi.org/10.1103/PhysRevD.10.3905
http://dx.doi.org/10.1016/0003-4916(74)90451-5
http://dx.doi.org/10.1103/PhysRevD.9.341

	Introduction
	Background dynamics
	Cosmic inflation
	Reheating

	Spin-1 spectator field with non-minimal couplings to gravity
	Viability of non-minimal couplings to gravity
	Ghost instability
	1 =0
	2 =0
	1 =0 and 2 =0

	UV behaviour
	Uncontrolled production of short-wavelength modes
	Super-luminal propagation


	Cosmic evolution of non-minimally coupled vectors
	Adiabaticity condition
	Initial conditions
	The transverse modes
	The longitudinal mode

	The energy density of non-minimally coupled vector field
	Super-horizon modes
	Sub-horizon modes
	Relic abundance

	Summary
	Energy-momentum tensor of non-minimally coupled vector field
	Energy density

