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Typical gravitational production of relics from amplification of inflationary perturbations assumes
Bunch-Davies initial conditions, i.e., a vacuum with initially no particles. In this paper we investigate the
impact of non Bunch-Davies initial conditions to the final abundance of relics, with particular attention to
the parameter space where the total dark matter abundance is reproduced. We present a general framework
for any initial condition, through which we show their nontrivial effect on both spectrum and late-time
abundance. We argue that for particles whose source of conformal symmetry breaking comes only from a
mass term (spin-1/2 fermions and conformally coupled scalars), the choice of initial conditions has little
impact on the mass range relevant to dark matter. For other particles, e.g., the longitudinal mode of spin-1,
we see a deviation from the standard computation. We exemplify and quantify our results with an initial
thermal state and a two-stage inflation scenario, highlighting that the total dark matter can be obtained for a

wide range of masses.
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I. INTRODUCTION

The persistent lack of nongravitational signals in our
quest for dark matter (DM) may be a strong indicator that
DM interacts with the Standard Model (SM) only via
gravity. If this is the case, then the first question we need
to address is: how was the DM abundance generated? It is
well known that gravitational interactions are, by far, too
feeble to allow such a DM candidate to come in thermal
contact with the SM bath. However, other mechanisms,
generically dubbed ““gravitational production” are at play in
the early Universe and may generate the desired abundance.
Here we focus on one such mechanism, cosmological
gravitational particle production (GPP), that consists of
the production of particles from amplification of quantum
fluctuations in the evolving cosmological background. This
phenomenon, known since the 1960s [1-4], is completely
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analogous to the generation of perturbations in the usual
inflationary theory. The standard picture can be summarized
as follows: suppose the system is in the ground state of the
field of interest, |0;,) (usually called a Bunch-Davies
vacuum), at the beginning of inflation. In the usual picture,
the Bunch-Davies vacuum corresponds to the absence of
particles. In Heisenberg picture, the system remains in this
state, while the Hamiltonian inherits a time dependence
from the evolution of the cosmological background, causing
the ground state |0,,) at later times to not coincide, in
general, with |0;,). An observer at late times will interpret
the |0;,) # |0oy) mismatch as the presence of quanta of
the field under discussion: particles have been created
during the cosmological evolution. Another way to see this
is that the effective action S.; for the evolving sector,
eSet = (04|0;y), develops an imaginary part.

Recent years have seen a resurgence of interest in GPP
as a way to produce DM mainly for two reasons: first,
because of the lack of nongravitational signals mentioned
above; second, because GPP is inevitable and must be
quantified, for it generates a population that may serve as
initial condition for any subsequent production mechanism
that does not erase initial conditions (like freeze-in, for
instance). More specifically, the spectrum and abundance
of particles of spin-0 [2,5-19], spin-1/2 [3,5,14,20-23],
spin-1 [22,24-30], spin-3/2 [31-34], spin-2 [35], and
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higher-spin [36] particles have been studied in detail (see
also the reviews [37,38] and references therein). GPP
generates energy density with an inevitable component of
isocurvature perturbations [9,39], whose importance on
cosmologically large scales depends on the details of the
models. In all the cases where the bounds are evaded, it can
be considered a signature of this production mechanism,
together with the gravitational waves generated by such
isocurvature perturbations [40,41]. The effects of a non-
standard cosmological evolution have also been studied
[42]. Three equivalent approaches have been used to
compute observables': (i) the Bogoliubov approach, in
which time evolution is described via a Bogoliubov
transformation (see references above); (ii) the stochastic
approach, in which a Fokker-Planck equation is solved to
compute the probability of finding a certain configuration
of the field [45-48]; (iii) the effective action approach, in
which the overlap [{Oyy|0iy)|*> is computed using an
effective action [49-51]. In this work, our computations
will be mostly done using Bogoliubov transformations.
However, for production that takes place during inflation,
we also compute GPP reusing the standard inflationary
power spectrum derivation.

The main aim of this work is to start exploring what
happens when one of the assumptions of the standard
computation is relaxed. Namely, we are not going to take a
Bunch-Davies vacuum |0;,) at the beginning of “visible
inflation” (i.e., the last 60 e-folds or so of inflation), but
instead assume the existence of some preinflationary
dynamics that generates a state |y) populated by particles.
This problem is not new in the context of inflationary
perturbations and was extensively studied in the literature
(see Refs. [52-62] for a partial list of references).
Nevertheless, to the best of our knowledge, the production
of noninteracting relics, e.g., DM, in the presence of initial
conditions differing from the Bunch-Davies one was only
mentioned but not quantified [1-3,63,64]. We thus propose
to fill this gap and discuss in depth the effects of non
Bunch-Davies initial conditions on the final spectrum and
abundance of relics, in particular DM. Naively, one would
expect the final number of gravitationally produced par-
ticles to simply be the sum between the particles present at
the beginning of the evolution and those produced by GPP.
As we are going to show in detail, this is not the case.

To exemplify our arguments, we concretely consider two
different scenarios. The first consists of the field under
consideration thermalizing and reaching thermal equilib-
rium before visible inflation, remaining agnostic on the
precise dynamics that generates this initial condition. The
second consists in a two-stage inflationary scenario, that, for
concreteness, we will take to be two de Sitter stages with an
intermediate radiation domination phase. As we are going to

lCornparison among these methods and further discussion can
be found in Refs. [43-45].

see, depending on the case considered, the final spectrum
and abundance can be drastically different than in the
standard case. We will also comment on how to compute
the final abundance for more general initial states.

The paper is organized as follows: in Sec. II we discuss
the formalism that allows to compute the final particle
spectrum and abundance of gravitationally produced par-
ticles. We keep our discussion general, and show our results
in terms of a generic initial state |). In Sec. III we present
our main results focusing on two examples: one in which
we assume thermal initial conditions without specifying its
dynamical origin (Sec. III A) and one in which we follow a
two-stage inflationary evolution in which the Universe
evolves through a quasi—de Sitter and radiation phase
before entering the last stage of inflation (Sec. III B). In
Sec. IV we draw our conclusions. We also add a number of
Appendixes: in Appendix A we discuss the conventions we
adopt for spin-0, 1/2, and 1 fields. In Appendix B we
discuss why coherent initial states do not modify GPP and
their difference between thermal and squeezed states. We
present in Appendix C approximate analytical results for
the spectrum and number density of the two-stage inflation
scenario discussed in Sec. III B. In Appendix D we instead
discuss different limits on the parameter space (isocurva-
ture, Lyman-a, and white noise). Throughout the manu-
script, we use natural units 7= c =1 and write the
Friedmann-Lemaitre-Robertson-Walker (FLRW) metric
as ds®> = a(n)*(dn* — dx*), with 5 denoting conformal
time and bold quantity three vectors. A prime represents
the derivative with respect to 5, X'(n) = dX(n)/dn. Other
useful conventions are summarized in Appendix A.

II. GPP FOR GENERIC INITTIAL STATES

We now review how to compute the particle spectrum
and total abundance of gravitationally produced massive
particles in an expanding cosmological background. We
will keep our discussion generic, so that it can be easily
adapted to any initial state. The computation can be done
either in terms of mode functions and Bogoliubov trans-
formations or directly in terms of the field power spectrum.
In this work we compute everything with fields rescaled by
their Weyl factor x. Any (massive) field X, after a Weyl
rescaling, X = a(5)*X, satisfies the quantum equation

OX + m?>a*X + (curvature)X = 0,

where [ = 0% - 6% is the flat space D’ Alembertian. Scalars
have k = 1, fermions x = 3/2, and gauge field « = 0. The
curvature term disappears when X is conformally coupled
to gravity, which is the case for fermions and massless
gauge fields. Instead, light scalars (Goldstone bosons) are
naturally minimally coupled to gravity. Notice that since
quantum commutation relations are defined at equal times,
the Weyl-rescaled X obeys the same quantization as its

023044-2



EFFECTS OF NON-BUNCH-DAVIES INITIAL CONDITIONS ON ...

PHYS. REV. D 114, 023044 (2026)

parent field X, modulo an overall normalization that we
fix later.

In this work we want to compute the energy density of
the field X, generated by GPP, i.e., we are interested in

Jim (T50(n)) = {px(n)) & m(nx(n)) (1)

where in the last equality we have used the fact that, at late
times, the DM is collisionless and nonrelativistic. As such,
eventually, we are most primarily interested in the calcu-
lation of (ny). In general, however, the relevant phenom-
enological quantity is py, which can be computed in terms
of the energy density of the Weyl-rescaled field X as

a*(px(n) = (H(m)/V. (2)

where H/V is the energy density of the Weyl-rescaled
field X.

We will discuss two equivalent approaches used in the
calculation of Eq. (2), for the interesting cases of scalars
and Majorana fermions, X = {¢,y}. Notice that this
includes also the longitudinal component of a massive
vector, which naturally appears as a minimally coupled
scalar, and on which we will focus in subsequent sections.
Using these two simple cases will allow us to explain the
effect that we want to track. More detailed calculations are
found in Appendix A.

A. Mode functions and Bogoliubov transformations

In this Subsection we discuss the derivation of H using
Bogoliubov transformations, which conventionally relate
two sets of creation/annihilation operators acting on the
Fock space of X in the far past and far future. We consider
here the case of X = {¢, v}, free fields in FRW with mass
m, which can be expanded as follows

$x) = / gﬂ’)‘g[akum) g (p)]e,

3
2(x) = / é‘—ng[akuun) Fd e, (3)

where the operators satisfy [a;, aj]. = (27)°6) (k — q).
The object of interest is the mode function (1), which is a
complex scalar for ¢ and a spinor for y, with v;, = —iyzu,f.
Interestingly, in this basis the mode function satisfies a very
simple equation

ui (n) + op (n)ui(n) = 0, (4)

and similarly for the left-handed chirality component x; of
the spinor u; (see however Appendix A for more details).

All the physics is encoded in the frequency w;, which
knows about the type of field X, and, together with the

boundary conditions, determines the solution for u;. With
the explicit solution it is possible to expand the (operator)
H as follows

1 &Pk
-2 / (s el e + asa)

+ Frn)aa_, +Hel]. (5)

This is what we need to compute the average on the proper
state to obtain the energy density as in (2). Knowing the
solution u; and the initial state, the energy density can be
immediately computed. In the bosonic case (spin-0 and
spin-1) we have

Qi(n) = |u]* + il

Lo Fuln) = () + oqur, (6)
while for a spin-1/2 spinor we have

_ 4P+ o - 0f

Qi (1) )

= g—kk [(x?{)z + w%xﬂ . (7)

In the latter expression, &, is a phase satisfying the
identities [21] &&= 1 and &, = =& [21]. We again
refer the reader to Appendix A for details and complete
derivation of the expressions above.

For the present discussion, all that matters is that, for all
cases, far in the past when the modes are deep inside the
horizon we can approximate w? ~ k2, while at late times,
when m > H, k/a, @} ~a’m?. In these two regimes the
frequency is adiabatic, i.e., »}/w? < 1, and the concept of
particle makes sense. The choice of mode functions defines
a specific annihilation operator a@;, which in turn defines a
vacuum state via a;|0,) = 0. In Minkowski spacetime, the
frequency is time independent (w7 = k? 4+ m?) and so is the
Hamiltonian, hence, once we choose positive-energy mode
functions u; o« e~/ these define the Minkowski vacuum
and minimize the energy for all times. In an expanding
cosmological background, the situation is more involved:
mode functions that define a reasonable notion of vacuum
at early times will, in general, not coincide with the mode
functions that define the vacuum at late times. Suppose the
latter is defined by mode functions wy(7) associated with
annihilation operators b;. A good decomposition of the
field ¢ thus

3
) = / (37’)‘ bowe(n) + bE ()], (8)

with the b; operator (and hence the mode functions wy)
identifying a late-time vacuum b;|0,) = 0. In general, due
to the time dependence of the background evolution, one
finds |0,) # |0,), showing that early and late time observers
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do not agree on the notion of vacuum. Since both {u;, u} }
and {w;, w} } are solutions of Eq. (4), it must be possible to
express one in terms of the other via a Bogoliubov trans-
formation

wy = gty — Br&ru’y. )
This, in turn, results in a Bogoliubov transformation
between a; and b, operators,

ap = agby + BEEFDL,,
aly = arbl, + Bié by (10)

Due to quantization, we have the constraint |oy|> F
|B|> = 1. For bosons, the phase & is even under
k — —k, as is f;, so it can be reabsorbed in the latter
parameter. For fermions, this phase is instead instrumental
in guaranteeing that the Bogoliubov transformation is not
singular.2

In a cosmological background, it is typically not possible
to find solutions that define the vacuum minimizing the
energy for all times. However, the fact that the frequency
varies adiabatically for early and late times allows us to
define an adiabatic vacuum using as mode function the
positive-energy solution computed via a Wentzel-
Kramers—Brillouin approximation. At late times we can
thus take

e—l’fﬂdﬂ’wk(ﬂ')’ (11)

Wy = ——
20y(1)

while the mode function u; will be found solving Eq. (4)
and imposing appropriate initial conditions. Notice that, in
terms of the adiabatic mode functions (11), the late-time
Hamiltonian reads

1 A’k
Hlate - 2/(2”)3

i.e., it is diagonal apart from terms that are suppressed in the
adiabatic limit. Again, the upper (lower) sign applies to
bosons (fermions).

Up to this point the discussion has been completely in
terms of operators, but in order to compute observables, a
state must be specified as well. We work in the Heisenberg
picture and fix the state to be |y) (not necessarily the

w/
oxtnlbjp bl + 0(%4). (12)
k

*More precisely, without the property &_;, = —&;, we would
obtain that b, and bz would always be proportional to
(Jax|> = 1B|?)~", independently from the statistics. While for
bosons this is always equal to 1 and the transformation is always
invertible, for fermions it may vanish, making the Bogoliubov
transformation singular. The property £_; = —&; guarantees that,
for fermions, b, and b; are proportional to (|a|> + |#*)™" = 1,
making the transformation always invertible.

vacuum) at initial times. The number of gravitationally
produced particles, as measured by a late time observer that
uses the b, basis (us), can be computed in two different, but
equivalent ways. One can, in terms of the mode function u;,
equate the expectation value of Eq. (5) with the one of
Eq. (12), as both expressions for the Hamiltonian should
represent the same physics. From the matching condition

Jim (M) = (v Hiae ). (13)

we can derive an expression for the final number of
particles, by reading out the vacuum expectation value

of b'b on |y). Defining (N}) = (y|b}by|w), we have

(N]) = =— [Qu(n) 2(N) £ V)

1
2w,
) \%
+Fr(m(CP) +cc] F 5 (14)

In the above equation we have some important quantities
for our discussion: (i) (Ni1) = <1//|a2ak|y/> is the number of
particles of comoving momentum k in the initial state;
(i) (CI") = (w|aza_;|y). The appearance of comoving
volume factors V originates from the use the commutation
relations yielding (27)°6?)(0) = V. The upper (lower) sign
applies to bosons (fermions). Alternatively, <N{ ) can be

obtained directly in terms of the Bogoliubov transformation
of Eq. (10) via

= VIBl* + (1 £ 2|8 (V)
— (@ BEES(CI) +c.c.), (15)

(N{)

where we have used |a|* F |«|> = 1. Given our definition
of the Bogoliubov transformation and of the adiabatic
vacuum, Egs. (14) and (15) are equivalent.

Given the stochastic and isotropic nature of GPP, a

natural definition for the number density emerges as

:/%@z/%(%) (16)

where in the last step we have defined n, = (N/ k) /V and a
is the scale factor. If we now define the initial (comoving)

number density (ni") = (N")/V and (ci') = (CI")/V, we
can write
1 in
= e R0 £ 1)
1
+ Fi(n)(cy >+CC]:F§ (17)

or, equivalently,
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ne = Bl + (1 £ 208 ()
— (af Pr&x(ce) +cc). (18)

As a crosscheck, we observe that, when [w) is the
Bunch-Davies vacuum, we have (nl") = (ci") =0 and
222, /13 = |Bir = (@ — wi)/(2wy).”  Actually,  for
the Bunch-Davies vacuum we also have that
Fr(n = —o0) = 0. This is the standard result used in the
literature [38].

When we allow for a more generic initial state, two
effects emerge: (i) a “stimulated emission” or ‘“Pauli
blocking” term proportional to (ni) (this nomenclature
was introduced already in Ref. [2]) and (ii) terms propor-
tional to the matrix elements (y|aia_ily) and
(wlata® |y), which can be nonvanishing only if the initial
state |y) is a linear combination of multiparticle states of
the form

d3k 3
2/ . gmkl,...,k,,>|k1,...,kn>, (19)

where the functions y,(ky, ..., k,) must be chosen in such a
way that (w|y) =1 and have the appropriate symmetry
properties to satisfy the statistics of the field. They must
also be chosen to ensure that the expectation value of the
energy-momentum tensor is finite. The conclusion is clear:
in order to compute the final number of gravitationally
produced particles, it is sufficient to solve the equations of
motion (EoM) (4) (and the analogous ones for fermions)
and use Eq. (17). Alternatively, we can compute the
Bogoliubov coefficients a; and f; and use Eq. (18). The
two approaches are completely equivalent.

Before concluding the discussion, we make two final
comments. First, we observe that states like the one in
Eq. (19), i.e., superpositions of multiparticles states, are not
so exotic as they may seem. Indeed, we can list at least two
well-known cases in which this happens: (i) squeezed states
like those obtained via a Bogoliubov transformation (even
those obtained via GPP) [37] and (ii) coherent states. The
first case (together with a case in which (Ci") = 0) will be
considered in Sec. III, while we argue in Appendix B that
the coherent states have no impact in the relic abundance.
Second, we observe that the computation of the spectrum
from the expressions in Eqgs. (17) and (18) carries a
redundancy. In other words, one is allowed to choose
how to read the nontrivial initial conditions, depending on
which term in n; carries the information about them. There
are basically two different interpretations:

(i) The state |w) carries all the information about

the initial conditions and we take Bunch-Davies
initial conditions for the mode functions, namely

*In Minkowski spacetime, €, = @, and there is no CGGP as
expected.

w () = e~ [ 2a, (n;) and ), (n;) = =i (n;)
uy(n;), with ; the initial conformal time. In this way,
Qi (n;) = wi(n;) and F (n;) = By (n;) = 0, whereas
we take ni(n;) = (n}) and (c}") #0, such that
Egs. (17) and (18) are automatically satisfied at
initial times;

(ii) The state is taken to be the vacuum |w) = |0;,),
while the mode functions u; carry all the informa-
tion about the initial state. As a consequence,
(ni") = 0 and (c") = 0 as if we were considering
a Bunch-Davies initial state, but we choose initial
conditions u;(n;) and uj(n;) in such a way that
Qi (n;) = wi(n;)(£2n,(n;) + 1) or, equivalently,
|B(n:))|*> = ni(n;). This again guarantees that
Egs. (17) and (18) are satisfied at initial times.

In practical computations, it might be more convenient to
use one of the interpretations above rather than the other.
We have checked for several cases, including the ones
discussed in Sec. III A, that we obtain the same results with
both approaches. In studies involving more observables
other than the spectrum, possibly this redundancy is broken
and one might have to choose only one of these inter-
pretations, thus giving more information on the structure of
the initial conditions of the relics. We leave such analysis
for future work.

B. Power spectrum

An alternative way of performing the computation
employs the power spectrum of the field, when sizable
production happens during inflation, as it is for minimally
coupled scalars. For simplicity of notation, we will from
now on drop the tilde from Weyl-rescaled fields. For the
case of a bosonic X, we have

2

Px(k.n),  (20)

(X)X, () = (2050 & + ) 75

where the average is taken over the state |y). Our starting
point is again the Hamiltonian, written using the field basis
in which the EoM is of the harmonic oscillator type. Taking
the expectation value between |y) states, the result can be
expressed using the power spectrum defined in Eq. (20) as

=5 [ElPeraipd. )

where V is, again, the comoving volume over which we are
integrating. This result applies to bosons, while we defer the
discussion of the fermionic case to Appendix A 2. From this
expression it is clear that the power spectrum of the field
contains the same information contained in the number of
particles, with the advantage that, while the number of
particles is well defined only when the evolution is
adiabatic, the power spectrum is always well defined. We
can make the comparison more precise focusing on the
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scalar ¢, comparing Eq. (21) with the expectation value of
Eq. (12), from which we obtain

1[22% 1

ng

Again, we stress that this expression can be interpreted as
the particle spectrum only at late times, when the evolution
is adiabatic and the concept of particle well defined. In this
regime, the field evolution is virialized (Py ~ a)ﬁp(ﬁ) and
we have (k°/27%)n; ~ @, P,. In Sec. III, we will present
plots for (k*/2z%)n;, which is a probe for the power
spectrum at late times. The power spectrum also encodes
information about the initial conditions. To see this, we
observe that the average in Eq. (20) can be made explicit
using the field decomposition of Eq. (3). The matrix
elements of the bilinears of annihilation and creation
operators that appear are simplified using momentum
conservation,

27)380) (k + ¢q), (23)

from which we obtain, for any bosonic field,

o Pylhon) = () P2} + 1)

+ u(n)*{cl") + c.c. (24)

We thus conclude that the power spectrum contains, at the
same time, information about the initial conditions (through
(ni") and (ci")) and the subsequent evolution [through
ur(n)]. Once these information are known, Pyx(k,7) can
be computed at any time. Since we are concerned with
imposing appropriate initial conditions, it is convenient to
follow the standard procedure and introduce a transfer
function T'(k,n) such that

Px(k.n) = Px(k)exicT (k. 7). (25)

where Py (k). is the power spectrum at the moment of
horizon exit during inflation. With respect to the standard
case there is a complication. When the term proportional to
(cit) is absent in Eq. (24), the transfer function can be
simply computed as T'(k,n) = |uy(n)|*/|ux(n;)]*>. When
(cit) # 0, care must be taken, since the terms |u;|> and
u? in Eq. (24) agree on the overall dependence on a, but
evolve with different phases. As we are going to see in
Sec. 111, this will cause an oscillatory behavior in the final
results but does not change the overall dependence on the
scale factor.

1. Peak in the power spectrum: The case of vector DM

Before moving to the explicit examples in Sec. III, we
would like to comment on the case of a massive vector, with
notation as in Appendix A 3. This case is a reference for all
models that develop a peak in the power spectrum at some
comoving momentum K. This happens for all fields, with
the exception of the minimally coupled scalar. The appear-
ance of the peak can be understood inspecting the transfer
functions T'(k,n), which are reported in Appendix A for
various fields. Here we discuss in detail the case of spin-1,
but similar reasoning can be applied to the other cases. This
also allows us to reconnect with the famous case of dark
photon DM production from inflationary perturbations [24].

Suppose we are given the initial power spectrum at
horizon exit during inflation. As in the Appendix, when
discussing analytic results we approximate inflation as a
pure de Sitter phase of expansion (with Hubble parameter
H;,r) and take reheating to be instantaneous. The transfer
function for the Weyl-rescaled longitudinal component of a
vector field, called u in Appendix A, is [see Eq. (A37)]

const k> aH, am
a? aH > k> am
T(k,n) (26)
const aH > am >k
a! am >k, aH

where we have maintained only the overall a scaling,
averaging over oscillations. We find it more useful to
parametrize the transfer function in terms of the scale
factor, rather than conformal time. With the results above,
we can follow the evolution of different modes k using
Fig. 1 as a guide, identifying three relevant regimes of
comoving momenta. For modes k < k,, the modes enter the
red region at horizon exit (a = k/H,), they evolve as a?
until the moment in which they enter the blue region
(a = k/m), at which point they remain constant until
crossing into the green region, in which they start decreasing
as a~!. We thus have

2 H?
T(k.n) = ( o > =

k/Hinf a m2 a

For modes k, < k < k,, the modes again exit the horizon
into the red region when a = k/H;,;. They then evolve as a?
until they enter again the horizon during radiation domi-
nation (when a = a2H,/k), they remain constant while
they are inside the horizon and then enter the green region at
a = k/m, at which point they start to evolve as a~!. Overall,
the transfer function for these modes results in
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T(k,mn) = const T(k,n) < a!

Qe Ay

FIG. 1. Sketch showing the behavior of the transfer function of
a vector field, Eq. (26) for instantaneous reheating. We show the
comoving horizon 1/aH (black) and the comoving Compton
wavelength 1/am (purple). The scale factor a, denotes the end of
inflation and a, the moment in which m = H and the evolution
becomes adiabatic. We take H;,; to be the Hubble parameter
during inflation.

azHinf/k 2 k/m _ (aeHinf)4

TUW?)Z( k/Hint > a

g ky <k<k,.

(28)

Finally, for modes k > k, the evolution is always adiabatic
and no GPP happens.

Putting everything together, we have that the transfer
function is initially constant and then decreases as k=>. This
behavior contributes to the formation of the peak previ-
ously mentioned. To further clarify this point, we consider
the usual case of Bunch-Davies initial conditions, i.e., we
take u;(n;) — e~ /\/2k (and (N") = (Ci") = 0) in the
left part of the yellow region of Fig. 1. For this initial
condition, the power spectrum at horizon exit is simply

2

k
Pou(k)eyic = ] (Bunch-Davies). (29)

Combining this with the transfer function computed above,
we obtain a power spectrum that grows as k> for k < k, and
decreases as k™! for k > k,, i.e., the spectrum is peaked as
anticipated. For future convenience, we use the results
obtained so far to estimate analytically the late-time DM
energy density for Bunch-Davies initial conditions. This
can be done using Eq. (16) and estimating (k*/272%)n; ~
w;P,/2 using the power spectrum just computed and
w;, ~ am. Integrating over all momenta we obtain

3 o 3acHu) [Hing
T 8x2 m’

(30)

na

from which the following final abundance can be derived:

Hipn 2 m na3/(aeHinf)3
1012 GeV Hinf 10_5

tl

chctor ~ ( TRH

QCDM N 109 GeV

(31)

with Qcpy =~ 0.26 the present observed DM abundance.
We observe that, comparing Egs. (30) and (31), we
reproduce the well-known behavior Q o \/m [24-26,28].
Although we have shown explicitly only the case of
instantaneous reheating, a similar analysis can be per-
formed for finite reheating and the spectrum is similarly
peaked at k,. In what follows, it will be useful to have
approximate expressions for ky,

m \1/3
ky =~ a,Hin (H—> ., H = m atreheating,

inf

1/2 (H. .\ 1/6
ky ~a,Hin <—m > <if> , H = m atradiation,
Hine Hygy

(32)

where Hry = /729, (Tru) Thy/ (90M3) is the Hubble at
the end of reheating, with M p the reduced Planck mass, and
9,(T) the number of relativistic degrees of freedom at
temperature 7.

Of course, while the conclusion that the power spectrum
at late times is peaked at k, relies on the usual Bunch-
Davies initial conditions in Eq. (29), the transfer function
T(k,n) we have computed is, except for oscillations,
applicable to any initial condition. In particular, given a
more generic initial power spectrum, different from
Eq. (29), its convolution with the transfer function does
not necessarily produce a peak at k,, or may even produce
multiple peaks. In fact, both the explicit examples consid-
ered in Sec. III will have peaked power spectra, one for
which kpea = ki as before, and another where a second
peak will appear, located at another comoving momentum.
As we are going to discuss in detail, the peaked behavior
will be instrumental in determining the experimental limits
on the scenario considered.

III. RESULTS

In this Section we present our results by illustrating the
impact of initial conditions on the production of relics via
GPP. We consider two different cases: in the first, we will
assume a initial thermal distribution without specifying its
origin; in the second, we will instead assume a two-stage
inflation model with an extra phase of radiation domination
between the quasi—de Sitter evolution. We will analyze in
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detail both possibilities, stressing the new features brought
by the new initial conditions.

We start with a general comment about fields for which
the only break of conformality is due to their mass
(conformally coupled scalar with &= 1/6, spin 1/2
spinors, transverse polarizations of vector fields). For
these cases, w; ~ k until the mode crosses the comoving
Compton wavelength and the mass term in w; becomes
important (see Appendix A), so that the mode functions
that appear in Egs. (17) and (18) are the Bunch-Davies
ones to a very good degree of approximation. This implies
Q, ~ w; and F ~ 0, so that there is essentially no GPP in
this regime and n; =~ (n") until Compton crossing. On
general ground, we expect physically relevant modifica-
tions to (ni") to happen for relatively small k. On the other
hand, after Compton crossing, for the cases under con-
sideration |B,|* peaks at large k,, corresponding to large
masses, in such a way that the product |;|*(ni") appearing
in Eq. (18) is much smaller than the pure GPP contribution
|B|*. We thus expect these “almost-conformal” field to be
only slightly affected by non-Bunch-Davies initial con-
ditions. This will be the case in the thermal example
considered in Sec. IIT A, for which we numerically
checked that a thermal initial distribution have almost
no effect on the final abundance of conformally coupled
scalars. In the example discussed in Sec. I1I B, on the other
hand, the two-stage inflationary scenario considered is
such that no GPP at all happens before Compton crossing,
making our claim exact. We also do not focus on
minimally coupled scalars, since it is known that they
are excluded by isocurvature constraints [9,39,65] (see
Appendix D 1) and a nonvanishing initial population does
not change this conclusion. Different is the situation of the
longitudinal components of massive vectors: they are, in
general, not affected by isocurvature perturbations and
their GPP starts well before the mass becomes important,
so that they are most affected by non Bunch-Davies initial
conditions.

For all our results, we consider a period of inflation,
described for simplicity by the single-field quadratic
(chaotic) model, followed by a phase of reheating propelled
by inflaton decays and by the usual period of radiation
domination.* In what follows, a,, Hyye (Tru, Hry) denote
the scale factor and Hubble parameter (temperature and
Hubble) at the end of inflation (reheating).

A. Thermal distribution

We first assume the non-Bunch-Davies initial condition
to be a thermal distribution. More precisely, we take

*Even though this quadratic inflationary model is excluded by
current experimental data [66], the relics produced from GPP are
rather insensitive to the precise dynamics of inflation for masses
m < H,,r, which is the regime considered here.

in\ __ 1
<nk> - ek/T—l

. (dn =0, (33)
at some initial time a;. These relations follow computing
the expectation values of an operator O as tr(pO) with
thermal density matrix

p=11=eMT) Y7 eMHTINY N (34)
k

(s
Ni=0

where |N;) is a state with N, quanta with momentum k.
The parameter T is the comoving temperature, related as
usual to the physical temperature of the preinflationary
thermal bath by T, = T//a. To be independent of the
convention of the scale factor, we present our result in terms
of T/(a.Hjy), which is a physical dimensionless quantity.
Here we remain agnostic about the origin of Eq. (33), but
one can imagine that it could have been generated from the
dynamics of a dark sector that produced the relic through a
thermal mechanism. For our computation to be valid, we
need to assume that the interactions that generated the
thermal bath are switched off at the time we impose initial
conditions, so that we can safely use the free EoMs for the
mode functions.

In Fig. 2 we present our results for the normalized
momentum spectrum (k*/27%)n;/(a,Hiy)? of the longi-
tudinal component of a vector particle, for concreteness
choosing m =107 GeV and Tgy = 10> GeV. The
dashed line shows the spectrum calculated with Bunch-
Davies initial conditions (i.e., no initial particle popula-
tion), while the colored lines show the spectrum obtained
with different normalized initial temperature T/(a,Hiy).
From the plot we see that, although the slopes change with
respect to the usual Bunch-Davies case, the thermal
distribution preserves most of the features of the spectrum.

1040 ; ; 1073
|
10% 4 | L
! 1076
: -9 v
: 1070 3
1> ~
; =
i 10712
10° ; — i — 1071
10717 107 1071 1078 107° 1072
k/(a(’,Hinf)

FIG. 2. Comoving momentum spectrum for a spin-1 relic
with a mass m = 10715 GeV and reheating temperature Ty =
10> GeV. Dashed black line denotes results obtained using
Bunch-Davies initial conditions, while colors assume different
values for the initial temperature 7" according to the color code.
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In particular, the peak is still located at k,, as indicated by
the vertical dashed gray line. This can be understood
from the fact that the impact of the initial thermal
distribution is only important when k < T, implying that
(ni") ~ T /k, which is why the slopes of n; change. Since
(k3 /27y | gunch—pavies ~ k> for k < k, and decreases after-
ward [see discussion after Eq. (29)], the peak will remain at
ky, as seen from Fig. 2. The thermal distribution stops
being relevant for masses that satisfy k, 2 T. Nevertheless,
we see that the initial thermal distribution has an impact for
k <T as long as the GPP peak falls in this region, i.e.,
k, < T. If this is not the case, the impact of thermal initial
conditions is small and resembles the one of “almost
conformal” fields discussed above.

Moving on to Fig. 3, we show the spin-1 abundance
curves corresponding to the total DM today in the parameter
space of mass and initial temperature. The different curves
correspond to different reheating temperatures Try for a
fixed H;; = 10" GeV. We distinguish between two
regimes: high and low reheating temperatures. In the former
case (Tgry = 10'? GeV, solid blue, and Tgy = 10% GeV,
dotted orange) the curve remains horizontal for low masses
and then suddenly drops at a certain mass value. This drop
takes place precisely at the mass that would correspond to
the total DM in the Bunch-Davies scenario, indicated by the
cross X, above which there is overproduction of DM. The
approximate constant behavior follows from

dk &3
Qo:m/72—”2nk

/dkk3|ﬁk|2 < in>
~m —_— n
k 2% k

T
& 'Q‘|Bunch—Davies k ’ (35)
*

where Q|gunch_pavies 1S the abundance for Bunch-Davies
initial conditions. In the equation above, we have just
considered the contribution from the “stimulated produc-
tion” term, used that the integral is dominated for k ~ k,
and assumed 7" > k,. For small masses, i.e., when H = m
happens during radiation domination, Q|g,nch—pavies/kx ~
/m/+/m = constant, see Egs. (30) and (31), explaining
why Q is independent of the mass in this regime. In the case
of low reheating temperatures (dashed-dotted purple for
Try = 107! GeV and dashed green for Ty = 10° GeV),
the constant behavior for small masses is identical, but after
a certain point the curves instead grow with temperature and
mass. This is a consequence of the fact that, for such low
reheating, the usual GPP with Bunch-Davies initial con-
ditions cannot produce the entirety of the DM, needing
thus to rely on the enhancement through the initial con-
ditions to achieve the correct abundance today. Following
a similar estimate from Eq. (35) but for masses that cross
the threshold H =m during reheating, we find

10734 Super-radiance T
PDM > Pinf - '
1075 ] 1 ) i / -
X Bunch-Davies e - _
Do - -
£ 10 ._.—‘/‘ ’f”
3 ——— -
ICIR U ittt = Trnt [GeV]
~ 12
10
B' 10—11 1 <
10
1013+ -—=- 102
—-- 107!
—15 | ! I N | T
10726 1072 1072 1077 10771071 107% 1070
m [GeV]

FIG. 3. Abundance levels for spin-1 DM in the scenario with an
initial thermal distribution. We show in the m — T parameter
space the curves representing the total DM abundance today.
Colors denote different reheating temperatures, namely Try =
10'? GeV (solid blue), Ty = 10® GeV (dotted orange), Try =
10%> GeV (dashed green), and Ty = 107! GeV (dashed-dotted
purple). We fix H;,; = 10> GeV. The gray regions are excluded
by superradiance limits, while the yellow bands by Eq. (37), see
text for details. The black cross denotes the mass m ~2 x

10713 GeV for which Bunch-Davies initial conditions can pro-
duce all the DM.

Q « Q|gunch-pavies T/ ks ~ T/m'*—see Eq. (32)—which
correctly describes Fig. 3. Furthermore, since 7/k, ~
TzR/ﬁ T, the lower the reheating temperature is, the larger
the initial temperature must be to generate the same
abundance.

In Fig. 3 we also show some constraint on our parameter
space. First, the final spectrum (k3/27°)n; must remain
integrable in order to avoid a catastrophic production of
particles. This is evident from Fig. 2, which shows that the
spectrum is peaked at k, and falls to zero for both small and
large k and therefore can be safely integrated over the whole
range of momenta. Second, the energy density stored in the
initial thermal bath, ppy, should not exceed that of the
inflaton, p;,¢, thus spoiling the inflationary dynamics. Since
we are being agnostic about the dynamics that generates the
thermal bath, we can imagine two situations depending on
whether the bath formed and freezed out before of after the
CMB modes exited the horizon. In the former case (thermal
bath already present at CMB horizon exit) we have
explicitly checked that requiring the radiation energy
density to be subdominant implies temperatures so low
that no effect is seen in GPP. In the latter case (the thermal
bath formed and freezed out after the CMB modes exited the
horizon), we require the initial condition a; to be set at the
latest at the time the dominant mode &, exits the horizon,

ie., pDM(ai = k*/Hinf) < Pinf»

ky 1 =1 21
PpM (‘li = ﬂ) = a—?w < ping = 3MpHy.  (36)
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The equation above can be recast as

3V10 Mp

aHiy T Hiy

H,; 1013 GeV
 (kefacHu) 100GV
10‘ Hinf

Of course, if the complete dynamics leading to the thermal
bath is specified, the energy density of the bath can be
followed precisely and the condition ppy < p;,r must be
imposed in such a way that CMB physics is not spoiled. In
Fig. 3 we highlight in yellow the band around the curves
where the constraint on the initial energy density described
in Eq. (37) is violated. We notice that most of the low mass
regime is excluded by this bound, while for very low
reheating, for instance Ty = 107! GeV, all points are
disfavored. In gray we include bounds from superradiance
[67-70]. This phenomenon consists in the exponential
growth of the occupation number of bosons that are
gravitationally bound to astrophysical black holes, and
end up depleting their spin [71,72]. Other potentially
relevant constraints to GPP-produced DM would be iso-
curvature and Lyman-a bounds. We argue in Appendix D,
however, that they will not exclude any portion of the
parameter space shown in Fig. 3.

Our results show concretely that i) non-Bunch-Davies
initial conditions can have a huge impact on the outcome of
GPP for relics and, regarding DM production, ii) we can
obtain the correct present abundance in a large range of
previously excluded masses. For the choice of parameters
shown in Fig. 3 we see that, depending on Ty, we can
obtain the correct abundance with masses that go from m <
1077 GeV up to m < H;,e, while setting Bunch-Davies
initial conditions would select the value m ~ 10~!3 GeV.
This proves that precise knowledge of the initial conditions
can be critical in predicting the correct abundance of spin-1
relics.

As a final remark, we have chosen a thermal initial
condition to exemplify our results, as it is a simple and
physically motivated distribution. Nevertheless, our
approach holds for any generic initial conditions that
satisfy basic requirements such as integrability and having
a sufficiently small initial energy density. If on top of that
the spectrum preserves its peak on k, as for the thermal
case, analogous results should follow.

T k
< *
aeHinf

B. Two-stage inflationary dynamics

In this Section we take an alternative viewpoint, and we
ask what happens when inflation is nonstandard, while far
in the past the vacuum state for DM was still the Bunch-
Davies one. For example, if inflation consists of two epochs
separated by a window of growing Hubble radius (i.e.,
radiation), then effectively modes that have wavelengths

— 1/am
— 1/aH

Second
stage
.

First

1< al _I
stage

1
q_:Q
Is

a

FIG. 4. Comoving horizon for a two-stage inflation with an
intermediate radiation domination phase (solid blue). In orange
we show some of the relevant comoving momentum scales and in
purple we show an example of comoving Compton wavelength
1/am. See text for details.

comparable to the horizon at the end of the first inflationary
period will not correspond to Bunch-Davies solutions.

Consider the situation proposed for instance in
Refs. [55,57], where concrete models in which a nonstand-
ard inflationary evolution like the one shown in Fig. 4 are
presented. More precisely, we consider a first period of
quasi—de Sitter (dS) evolution, followed by an intermediate
phase—typically either radiation or matter domination—
after which the second and final inflationary stage begins,
with the usual cosmological evolution following.

This type of cosmology was described, for example, in
Ref. [73]. Inflation does not have to happen “in one go,”
i.e., in a single stage of quasi-dS expansion lasting the usual
60e-folds. What is important is that the period in which
CMB anisotropies are generated lasts for 10 — 15e-folds in
order for this scenario to produce the observed spectrum.
The remaining evolution can consists of dS “bursts” with
periods of radiation/matter domination in between, pro-
vided the total duration is about 60 e-folds or larger. This
exploits the fact that little is known about the last e-folds of
inflation, which correspond to extremely short scales.

In our case, we consider the first and second period of
quasi-dS evolution (with Hubble parameters H; and H,,
respectively), to be connected by a radiation domination
phase lasting Ngg e-folds. Qualitatively similar results
would follow for other types of intermediate evolution.
The transition between the first stage of quasi-dS and
radiation phases happens at aq,, while the transition
between the radiation and the second stage of inflation
happens at agz. The values of the scale factors a4, and agg
each define a characteristic comoving momentum scale, k4,
and kyg, respectively (see Fig. 4). We suppose kcyp < kgrs

023044-10



EFFECTS OF NON-BUNCH-DAVIES INITIAL CONDITIONS ON ...

PHYS. REV. D 114, 023044 (2026)

with kcyp the CMB pivot scale, i.e., the generation of CMB
anisotropies happens during the first stage of quasi-dS
evolution. With our assumptions, the Hubble parameters
of the two inflationary stages are related by

2
H,=H, <aﬂ> = Hje 2N, (38)

We can now estimate analytically the final energy density,
following the same steps that lead in the standard case to
Eq. (30). We have three different cases:

(1) k, < kgr (light masses), for which

VH.H,)? |H
na’ ~ 3(acvH H)* = ) V= (39)
8 m

The particle spectrum has a unique peak at k;
(i) kgr < k4 < kgp (intermediate masses), for which

3 2 3/2
I’l(lSZ(ae HeHI) (adR) He (&) ] (40)

4n? a, ) Hy\m

The particle spectrum has a unique peak at kgg;
(iii) kgp < ky (large masses), for which

3
na’ ~ —3(%[—56) E (41)
8x m

The particle spectrum has two peaks, one at k;g and
the other at k. The quoted formula applies when the
peak at k, dominates the integral of the number
density. When, on the contrary, the peak at kgg
dominates, the expression for the comoving number

density is well approximated by Eq. (40).
More details about the particle spectrum are given in

Appendix C.

The abundance can now be computed as in Eq. (31)
identifying H;,; with the Hubble at the end of inflation, H,,

Qvec:tor ~ TRH He 2 ﬁnaS/(aeHeP
—\10° GeV/ \10'? GeV/) H, 1073 '

Qcpm
(42)

The first and last case resemble quite closely Eq. (30). This
is due to the fact that k, (at which we still have at least one
of the peaks in the spectrum) exits the horizon either during
the first or second dS periods and then reenters only after
inflation has ended. This is what happens also in the usual
computation with a single inflationary stage. On the con-
trary, when kgr < ky < kgn, the peak is at kgg, causing a
deformation of the spectrum and a quite different expression
for the final energy density. We will show the numerical
results for the spectrum later. If we want to compare
Egs. (39)-(41) with Eq. (30), we need to decide how the
Hubble parameter H;,; of single-stage inflation used in the

standard computation compares with H, and H;. If
H;,; = H,, then the two-stage inflationary scenario implies
an increase in the number of gravitationally produced
vectors. This can be understood from Fig. 4, since in this
case the most important modes spend more time outside the
horizon. On the contrary, identifying H;,; = H,, then the
dominant modes spend less time outside the horizon and
gravitational production is suppressed.

For our numerical simulations, we model both infla-
tionary epochs using a quadratic inflationary potential,
taking log(a,/aqr) < 50 to ensure that CMB modes satisfy
kems < kgr- Since we are now using a concrete potential for
the inflaton, the approximation of constant Hubble during
the inflationary stages is not necessarily very good. In fact,
for the values of log(a,/agr ) mentioned above, the Hubble
parameter at the beginning of the second stage of inflation is
roughly a factor e? larger then its value at the end. A similar
growth would take place also in the first inflationary stage.
In practice, we proceed as follows: we take H; to be the
Hubble near the end of the first inflationary stage [which,
given the values of log(a,/aqr) and Ngz we consider, also
roughly corresponds to the Hubble at CMB scales] and H,
the Hubble at the end of inflation. We then relate H; and H,
correcting Eq. (38) to H, = H;exp(—2Ngg —2) to take
into account the Hubble evolution in the second inflationary
stage of the quadratic inflationary model.

In Fig. 5 we present the results for the normalized
spectrum (k*/27%)n;/(a,H,)* as a function of the normal-
ized comoving momentum k/(a, H,), for m = 1072° GeV
(left panel) and m = 10° GeV (right panel), with fixed
log(a,/aqr) = 20 and varying N according to the color
code. The dashed black curve corresponds to the scenario
with H, = H; (or equivalently Nyz = 0) corresponding
to the usual single-stage inflationary dynamics with
H,; = H,, and for each H, the reheating temperature is
set to its maximum value 7%g, (TR&) T4 /90M3 = H>.
We show through the colored stars, circles, and diamonds
the respective values of k,, kgg, and kg, respectively.
Furthermore, notice that both spectrum and comoving
momentum are normalized with respect to the Hubble
parameter of the second stage, which is the appropriate
normalization required to compute the final abundance (42).
We reemphasize that the choice of normalization is crucial
to understand how to compare with the usual case Ngg = 0.
In the left panel of Fig. 5 for instance, while for our choice
of normalization as the spectrum grows Ngg (H,) is higher
(lower), we see from Eq. (39) that the spectrum would
decrease as (H,/H,)?/? had we chosen to normalize it with
H,. Instead, in the right plot, k. > kgg is located within the
second stage of inflation, thus, with respect to H,, it
decreases as \/H, according to Eq. (41); normalizing it
with respect to H; would just sharpen this effect.

The two panels in Fig. 5 show qualitatively different
features depending on the value of the masses. More
precisely, we choose a very low value m = 10720 GeV
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Comoving momentum spectra for a spin-1 relic with a low mass m = 10720 GeV (m < myy,, left panel) and a high mass

m = 10° GeV (m > my, right panel). We have fixed for both plots Tgy = TR, i.e., instantaneous reheating. The dashed black lines
denote results obtained with H, = H; and N4z = 0. This corresponds to the usual case provided we identify H;,; = H,. Colors assume
an intermediate radiation phase of duration Ngg. The values of k4, kgp, and k, are denoted by the circles, diamonds, and stars,

respectively.

(left plot) for which k, < kgr, kqp, and a very large value
m =103 GeV that satisfies the opposite relation
ky > kgr, kqp. In the left plot (low mass), as anticipated,
we observe that the peak of the spectrum remains at k.
For comoving momenta k > kg, the spectrum converges
to the case Ngg — 0, while for k < kg it has the exact
same shape, but shifted above as the modes evolve for a
longer time. These feature can be read directly from
the analytical estimates presented in Appendix C, in
particular the peak value of the spectrum changes as
(k)22 iy, [ (acH . )* = (H;/H,)**\/H,/m, thus for
lower H, (higher Ngr), the higher the peak is. The most
interesting feature comes for modes with kgr < k < kyy,
1.e., the modes that exit and enter the horizon before the last
stage of inflation, which arrive at the beginning of the
second stage of inflation with non Bunch-Davies initial
conditions. Here the spectrum behaves as k=, which is
steeper than the usual case (see Appendix C). Moreover,
this part of the spectrum is oscillating, a feature that appears
because the modes exit, enter, and reexit the horizon.

For the plot on the right, choosing a much larger mass,
m = 103 GeV, we observe the same oscillatory features for
modes in the range kg < k < kg, and also an increase of
the spectrum for k < kg, while maintaining the same
slope. However, different from the low-mass case, a second
peak emerges at kgg (see Appendix C), which can surpass
the one at k, for sufficiently large Nygz. We stress once
more that the plots, and our discussion, depend strongly on
the interpretation H;,; = H,. Had we chosen to normalize
the spectra to (a,H,;)?, identifying the dashed black line
with H,; = H;, then the spectrum would always be
decreased with respect to the standard case.

As is clear from the discussion, the qualitative behavior
of the spectrum (i.e., the number and location of the peaks)
is completely determined by the vector mass since, for fixed
inflationary parameters, this gives the position of k, with

respect to kqr and kg,. It is thus convenient to introduce

2
mpg =H, <aﬁ> ,
ae
_ 3 H % adr 2 3 H 1 2

=z (i) =3 ()
the masses for which k, = kg and for which the peaks at
kqr and k, give the same contribution to na?, respectively.
For simplicity, the expressions are given for instantaneous
reheating [i.e., setting H;,; = Hry in Eq. (32)], but they
can be easily generalized. We use kg = aqrH, and
kapn = agaH;. As we saw before, when m < mgg we have
a unique peak at k, while, for m > mgg, we always have at
least a peak at kqz. This means that we can have power
injected in the spectrum at relatively small momenta. If this
happens at CMB scales, strong limits from isocurvature
perturbations must be taken into account. Such bounds are
avoided requiring kcyp < Apeax = min(kgr, ki ). A dedi-
cated discussion can be found in Appendix D 1, in which
we show that we have no isocurvature limits for the
parameters considered in the numerical analysis.

Finally, we present in Fig. 6 the curves for which
Q,ecior = Qcpm as a function of the mass of the vector
and the duration of the intermediate radiation phase or,
equivalently, the Hubble at the end of the second stage
of inflation. In the figure, we show the results for
log(a,/aqr) =20 (solid blue), 25 (dashed orange), and
30 (dotted green), and in solid black the N4z = O case. This
corresponds to the usual case of a single inflationary stage
provided we identify H;,; = H,. For the two-stage infla-
tionary case, we take H; = 10'* GeV. For all choices of
H,, we consider instantaneous reheating for simplicity, but
we do not expect qualitative changes for finite reheating. In
all cases with a two-stage inflation, the curves grow
vertically up to a certain value of H,, after which they

(43)
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FIG. 6. Curves in which Q.o = Qcpy for the two-stage inflationary case in the m — H, (or m — Ngg) parameter space for
log(a,/agr) = 20 (solid blue), 25 (dashed orange), and 30 (dotted green). The black solid line represents the usual result obtained
without the two-stage inflation scenario identifying H;,; = H,. We also indicate with circles and diamonds the values of mgg and mgy,,

see Eq. (43).

start slowly decreasing until at some point they converge to
the usual prediction. This behavior can be easily understood
inserting Eqgs. (39)—(41) into Eq. (42). For small masses,
Q. ccior 18 independent from H,, which is reflected in the
vertical part of the curves in Fig. 6. For intermediate masses,
imposing Qeeor = Qepm Tequires H,' o« m~'/2 while, for
larger masses, it requires H,' o« m!/4. This behavior cor-
responds to the one observed in the figure, in which we also
show the values of mgg (colored circles) and mg4, (colored
diamonds). We see that our analytical estimates reproduce
well the masses for which a change of behavior occurs.

We conclude this Section with two final comments. First,
as already mentioned, no region in Fig. 6 is excluded by
isocurvature perturbations limits for our choice of param-
eters. The same is true also for other possible limits that
could be imposed on the parameter space (e.g., Lyman-a
and white noise constraints). A detailed discussion can be
found in Appendix D. Finally, we observe that the overall
effect of the two-stage inflationary scenario is to allow,
given a certain vector mass, one to obtain the correct
abundance for different values of the early Universe
parameters H, and/or Tgy, even much smaller than what
happens in the standard case. However, as can be seen from
Fig. 6, this happens only for masses m > 6 x 107 eV,
which corresponds to the mass that ensures that the correct
abundance is obtained for H, ~ 10 GeV [24-26,28].
Smaller masses would reproduce the correct abundance
only for larger values of H,, experimentally excluded. As
in the standard computation with a single inflationary stage,
smaller masses can be relevant only admitting that the
vector does not constitute the whole of DM.

IV. CONCLUSIONS

The evolution of quantum fields during cosmological
evolution allows for the production of relics, in particular
DM, in an elegant and physically interesting way, without
having to resort to any additional interactions of the relics

other than gravity. A precise calculation of the resulting
abundance, crucial for the correct determination of the DM
energy density, is nonetheless based on a number of
assumptions. In this paper, we have relaxed one of these
assumptions: instead of taking no particles at the beginning
of inflation (Bunch-Davies vacuum), we allow for an initial
population of relics. Our results thus generalize the
description of GPP with arbitrary initial conditions.

We have shown that GPP in the presence of non Bunch-
Davies initial conditions does not simply amount to adding
the initial abundance to the usual outcome of GPP with
Bunch-Davies initial conditions. Instead, as illustrated by
Egs. (17) and (18), the quantum mechanical nature of the
relics predicts that the final number density is either
“stimulated” or “blocked” due to terms that are proportional
to both initial density and Bogoliubov coefficients. While it
was known in the literature that nontrivial initial conditions
could give rise to interesting effects on the GPP [1-3], to the
best of our knowledge it was neither explored in full
generality nor studied in the context of relics. For initial
conditions that affect relatively small k, a general conclusion
that can be drawn from Egs. (17) and (18) is that GPP is
almost unaffected by initial conditions for fields whose only
break of conformality is due to their mass (conformally
coupled scalar, fermion, transverse polarizations of spin-1).
This is easily explained: for these fields, there is basically no
GPP until the modes cross the comoving Compton wave-
length and the mass becomes important. This implies that
there is almost no superposition between the k’s affected by
initial conditions and the peak of GPP. The final abundance
computed in the usual way is thus robust for these fields. For
the remaining cases, it is known that a minimally coupled
scalar is excluded by isocurvature perturbation limits in the
Bunch-Davies case; this conclusion is not changed by
different initial conditions. We are thus left with the
longitudinal mode of spin-1 fields, for which GPP starts
well before the mode crosses the Compton wavelength and
that requires a quantitative analysis.
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To do so, we have chosen two different scenarios, the first
with a thermal initial distribution, remaining agnostic about
its origin, and the second where we follow explicitly a two-
stage inflationary dynamics in which we have two periods
of almost de Sitter expansion with an intermediate stage of
radiation domination. Both in the thermal (Figs. 2, 3) and in
the two-stage inflation (Figs. 5, 6) scenarios, the spectrum
shows important differences with respect to the usual one,
thus impacting also the abundance significantly. In the
thermal case, we see from Fig. 3 that, for fixed H;; and Trg
and different values of T, the correct abundance can be
obtained for masses that can both be smaller and larger than
the value obtained with Bunch-Davies initial conditions. In
the two-stage inflationary case, on the other hand, we see
from Fig. 6 that only masses m = 6 x 107 eV are allowed,
where the quoted number is the one obtained for an
inflationary Hubble parameter at CMB scales as high as
10 GeV. Still, for these masses the correct abundance can
be obtained for values of H, and Ty that can be much
smaller than those appearing in the standard computation.

Our work can be extended in several directions. First, we
have examined two examples of nontrivial initial condi-
tions, but one could systematically list different possibil-
ities to find out if GPP is more sensitive to a given class of
initial conditions than others. Moreover, while our analysis
was restricted up to spin-1 particles, one could also evaluate
how higher-spin or exotic particles are affected by non-
Bunch-Davies initial conditions. Finally, an aspect to be
explored is the inclusion of more interactions, either among
the relics or with SM particles, that in particular could be
the ones responsible for generating nontrivial initial con-
ditions. We leave these points for future work.
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APPENDIX A: CONVENTIONS
AND USEFUL FORMULAS

We collect in this Appendix useful more details on the
derivation of the equations used in Sec. II.

1. Spin-0 field

We start from the action

1
5= / d'x/=G5 19" 0,000 = 120 + RG], (A1)

where R is the Ricci scalar. If we now use conformal time
and apply the field redefinition ¢p = a¢ to make the kinetic
term of ¢ canonically normalized (Weyl rescaling), we end
up with the action

1
S= [ anx3 (@) + (V87 = mi?). (A2)
where

1
mky = a’m? — a? <§ - 6) R. (A3)

From this action we obtain an EoM in the form of Eq. (4),

P+ o =0 op=K+mly. (A4
with k the comoving momentum and ¢, the Fourier

transform of ¢(x), and a Hamiltonian
1
= [ @x5 (@7 + (V8] nied?). (a9

The field ¢ can be quantized as in Eq. (3). If we do so in the
expression for H just computed, we obtain Eq. (5).
Requiring canonical equal-time commutation relations
between ¢(x) and its conjugate momentum z(x) = ¢'(x)
implies that the mode functions must satisfy the normali-
zation condition

uuy — upuy, = i. (A6)
We can now ask ourselves what happens after the
Bogoliubov transformation of Eq. (9) is applied. As
explained in the main text, the commutation relations
lag. a] = (27)36C%) (k — q) are preserved only if the
Bogoliubov coefficients satisfy |a|> — [B]*> = 1. The
Bogoliubov coefficients can be computed explicitly in
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TABLE I. Approximate solutions ¢, of the mode equation (4)
with frequency (A3) in different regimes. For simplicity, we
consider only a pure de Sitter or radiation dominated universe.
Matching these solutions allows one to compute the number of
gravitationally produced particles in the case of instantaneous
reheating. We have defined A = 6£ — 1 and Qk f dn o, ().
We do not present the solution for am > k,aH in the de Sitter
regime because, under our assumptions, this case is never
realized. Observe that, during radiation domination, a” = 0, so
that the solutions are independent from ¢.

b de Sitter Radiation
k> aH,am cypetikn cp ek
aH > k> am cy q—s(1EVT=8AE) cia%i%
aH > am >k cia—%(li\ﬁfxﬂ) cia%i%
am > k,aH / c. o)
Vva

terms of u; and w; using the orthogonality of mode
functions under the (conserved) scalar product of the
Klein-Gordon equation [74],
ay=—i(weu’ [ * =whu*),  Pr=—i(weu—uwy). (A7)
This equation allows to compute f;, and hence the total
number of particles produced, once we fix the mode
functions u; and wy. As in the main text, the most useful
choice for us is to compute u;, as the solution of Eq. (4) with
appropriate initial conditions, while the functions w; can be
chosen to select the adiabatic vacuum as in Eq. (11). Notice
that computing |3;|> with Eq. (A7) gives the same result
obtained comparing Eqgs. (14) and (15), confirming the
consistency of our approaches. Solutions of Eq. (4) are
shown in Table I. They are computed approximating
inflation as a pure de Sitter phase of expansion and taking
instantaneous reheating, i.e., inflation is followed immedi-
ately by the usual radiation domination phase. Using Table I
we can find the transfer function 7'(k, ). For instance, for a
minimally coupled scalar (£ = 0) we have

const k> aH,am
T(k,n) < < a* aH > k,am. (A8)
a™! am > k,aH

In the case of Bunch-Davies initial conditions, we can
combine Egs. (25), (29), and (A8) to obtain (k*/2z%)n,
The result scales as k° for k < k, and k~! for k > k,.
According to Appendix D I, this case is excluded by
isocurvature limits.

2. Spin-1/2 field

We start from the action of a fermion field in a curved
background [3,20-23]

S= /dﬂd3x\/—_g[1/_/(ie’f,yavﬂ —m)y], (A9)

where ¢ is the vierbein, defined by #,, = efe}g,, and the
covariant derivative is defined by

v,,_aJr-2 @uap (A10)
with spin connection given by
a),‘jb = e‘“’(aﬂef - yﬁyef), (A11)

and X% = [y, y?]/4 the generator of Lorentz transforma-
tions in spinor representation. For a FLRW metric in
conformal time, we have

wft =0 =, w?:%d, (A12)
so that with a field redefinition y = /%y (Weyl rescaling)
the fermion action becomes
S = /d3xdi7)"((iyb6b —am)y. (A13)
The EoM that follows from this action is simply
(iy?0, — am)y = 0. (A14)

We can now proceed as usual, but at this point, for
simplicity, we assume that y is a Majorana fermion: we
write

Bk .
=3 / g (M) g + vy (a1, (ALS)
A=+1

where, as usual, v;; = —i;/zu;l. Using the Dirac represen-
tation of the y matrices, the spinor u;;, must satisfy the
equation

iy'ul, — v - kuy, — amuy, = 0. (A16)

We write uy; = (up;, ugry)? and decompose u; p as

Upiy = X3 (M) Py

Ugis = Yia (M) hy., (A17)

where x;, and y;, are simple functions and all the spinor

indices are carried by the helicity eigenvectors h;,, that
satisfy
(O' . I})h’kl = /lhk/l' (Alg)

The helicity eigenvectors satisfy the identities
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h_ia = Exahis o*hyy = il (A19)
where the phase &;; can always be chosen to be
& = —Ae*® with ¢ the azimuthal angle that identifies
the momentum k direction. In terms of the functions x;,; and

V> Eq. (A16) becomes

Xy, = —iamxy, — iAky,,

Vi = lamyy, — idkxy,, (A20)
which can be rewritten as two second order differential
equations,

xp; + (@f + id'm)xy; =0,

Yig + (0 —id'm)y, =0, (A21)
where @] = k* 4+ a’m?. These are equations of the har-
monic oscillator type, but with an intrinsically complex
frequency square. Requiring the equal-time anticommuta-
tion relations [y(n,x), z(n,y)]. = i6®) (x —y) to be true,
we discover that the mode functions x;; and y;; must
satisfy

Ixul?> + yw)> =1 (nosumoverd).  (A22)
We can use Eq. (A20) to eliminate y,, in favor of x;, and
X}, obtaining

[Xial? + wilxial® + dam(xgxgy — xgxg) = k2. (A23)
We can now compute the Hamiltonian. In terms of the field
¥, the on-shell Hamiltonian is simply given by

H= /d3xi)('r)(’. (A24)
This is the same expression as in Minkowski space, since
using conformal time we have the same action. Once we

use the field decompositions used so far, it is a simple
matter of algebra to show that

&Pk 1
/ {kal ak,lakll a;da,m
J==%1

+ f]da/da_k/{ -+ H.C.}, (AZS)
with functions defined via
0, = [ l* + of|xa]* — wf
ka am ’
Fo =k 2(x,)? A26
T [(¥)* + @ (%)), (A26)

where we have used Egs. (A20) and (A23) to simplify the
expression. This is precisely the form quoted in Eq. (5),
once we suppress the helicity indices. As a useful cross-
check that our formulas are correct, let us go back to the
Minkowski limit a — 1. In this case, x;; must be of the
form \/w; + m/\/2wie” "1 to match the usual flat space
normalization for the four-spinor u,;. With this choice, it is
simple to show that Q; = w; and F, = 0, as expected.

We now turn to the effects of a Bogoliubov trans-
formation. First of all, we stress again the importance of
the phase &;, in Eq. (10), that guarantees the absence of
singularities in the transformation. At the level of spinors
we have

gy = gy + P V_iss

bpy = o v + Br i (A27)
where the hat denotes the spinors obtained after the
Bogoliubov transformation. Equivalently, at the level of
Xy, and y;; functions we have

o _ *
X = X + APy

P = i — Mgy (A28)
An explicit form for the Bogoliubov coefficients can be
obtained using the (conserved) scalar product for the Dirac
equation. We obtain

— X
kA ’

(XX — Xuiiy)
. .

M *
(Vi

ap =

b = (A29)
We observe that the |f;|> obtained squaring Eq. (A29)
coincides with the one obtained comparing Eqgs. (14)
and (15).

Finally, the expectation value of the Hamiltonian can be
written as

1 [dk
) =3 [ TPy (430)
if we define the power spectrum as
.t , 3 27
(i mizg(m) = (27)°89 (ke = q) 75~ Py (k.n). - (A31)

Unlike in the bosonic case, one of the two fields appears
here as a derivative. Using the explicit spinor function
decomposition y; = uza; + v_kaik and the EoM, we
obtain

27’(k n) =

2

5 Qu2ND) -

V) + F(CM) +cc., (A32)
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with Q; and F defined in Eq. (7). The solutions to the
EoM, as the transfer function, are well approximated by
those of a conformally coupled scalar.

3. Spin-1 field
We start from the action [22,24-30]

1 2
S— / dBxdna {—Zg”ag’“ﬂFw,Faﬂ—m?g“”A”Ay . (A33)

where we take the Abelian case F,, = d,A, — 9, A, and we
ignore possible nonminimal couplings to the curvature (see
[25,29,75] for a discussion of their effects). The discussion
of the action is easier in momentum space, to which we
switch from now on. The time component Ag is non-
dynamical and can be integrated out. Decomposing the
remaining degrees of freedom into transverse and longi-
tudinal components as A; = AT + kAL, with k-AT = 0,
we obtain the two independent actions

dndk 1
ST—/—— (1452 = (2 + @) 4, ]

(27)3 2
dnd*k1 [ a*m?
- [ [P - il (a3

We see that the action for the transverse modes is the same
as the one of a conformally coupled scalar field (¢ = 1/6),
so that from now on we will focus only on the longitudinal
degree of freedom. The kinetic term of A;; can be made

canonic via the field redefinition Ay, = ~—

EoM for u; reads

u; and the

ul + wiu, =0, (A35)
with squared frequency
k? a"  3a*m*H?
2 = k> +a*m? — —— . (A36
Wi +a'm 2t am? <a 2 —|—a2m2) (A36)

This EoM is again of the form of Eq. (4). Quantization now
can proceed as in the case of the scalar field. In particular,
all considerations about the conditions imposed by the
consistency of the Bogoliubov transformation apply
exactly in the same way to the vector case.

Exact analytical solutions of the EoM are not available,
but approximate expressions can be found. These have
been discussed in detail in [24-26] and are reported in
Table II. Using these solutions, we obtain the following
transfer function:

TABLE II. As in Table I, but for the solution u; of the mode
equation (4) with frequency (A36).
Uy, de Sitter Radiation
k> aH,am cexikn ek
aH > k> am cra+3 ¢+ cra
aH > am >k c +2 cia+cy
am > k,aH / cre”Mtepe™
Ja
const k> aH,am
a’ aH > k> am
T(k.n) o (A37)
const aH > am >k

a! am > k,aH

where we have maintained only the overall a scaling,
averaging over oscillations.

APPENDIX B: COHERENT STATES

In this Appendix we discuss coherent states as possible
non-Bunch-Davies initial conditions. In particular, we will
show that they cannot produce any effect in GPP, thus
resulting in the same abundance as in the Bunch-Davies
scenario.

We begin with the definition of a coherent state

ly) = lz2),

ag|z) = z(k)|z), (B1)

where z(k) is a function of k. The relevant quantities in
Egs. (14) and (15) can be directly computed from the
definition above,

(NP) = (zlajai|z) = |z(k)[>,
(CF) = (dara_rlz) = z(k)>.

(B2)

Therefore, once we divide by the volume V and take the
limit V — oo, we can obtain (ni"), (ci") in Egs. (17) and
(18). However, from the definition in Eq. (B1) we can write
the coherent state explicitly as [see Eq. (19)]

&Sk, dk
= ooz kg, LK)k LK), (B3
D=3 [ s ekl k). (B3)
where each z,(ky,...,k,) is given by
l n
zuky, .. k) =z20—=1| 2(k;). B4

The requirement of normalization (z|z) = 1 implies
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(BS)

men -] ),

which needs to be finite in order for the state to be well
defined, implying |z(k)|> being integrable. As a conse-
quence, |z(k)|* and z(k)? cannot possibly scale with the
volume V and thus will not contribute to (ni"), (i) in
Eq. (B2). From these arguments, we conclude that initial
states given by coherent states predict the same abundance
as in the Bunch-Davies case.

The same argument does not hold for the thermal and
squeezed states considered in Sec. III, since in both cases
the number of particles produced is extensive, i.e., it scales
proportionally to the volume. This is evident from Eq. (33),
which describes the number density of particles per
comoving momentum k in thermal equilibrium, and from
Eq. (15), where the volume scaling of the |3|? is explicit.

APPENDIX C: SPECTRUM FOR THE
TWO-STAGE INFLATIONARY SCENARIO
FOR SPIN-1 DM

We present here the power spectrum P, after the field
has become nonrelativistic. We consider directly the field
uy (1), the redefinition of the longitudinal vector component
with canonical kinetic term. As discussed in Sec. II B, at
late times this is related to the particle number spectrum by
(k3/27%)n; ~ w;P,. The computation can be done using
the transfer function of Eq. (A37). As in the main text, we
have three cases:

(1) k, < kqr (small masses): we obtain

Hfa,,k2
4r’m*a
(af H H?)4
p. = e ky <k < kg e

(agaHp)*(a Ho)*
4z’ mak’ de <k< de

(al‘H[‘)4
47’ mak

k <k,

kap < k < k,

As we see, we expect a unique peak in the spectrum
at k,;
(i1) kgr < ky < kgp (intermediate masses): we have

Hia, k*

4n’m’a k< de
ag\H;) H?a
( i;%ﬁzak? * de <k< k*
Pu= (agpaH))* (a H,)* (€2)
dA47r12ma]§5 ‘ k* < k < de
(a.H,)*
4n’mak de <k< k“

In this case, there is again a unique peak, but at kqg;

(iii) kgp < ky (large masses): we obtain

Hia, k*
47’m’a

(a /\HI)4H%“*
p =] wwwar fw<k<ka g

k<de

a, H2k?
ypcmm kapn < k < ky
a,H,)*

Here we instead have two peaks, one at kgz and

another one at k.
Let us now compute explicitly one of the results to illustrate
the method. Take, for instance, the spectrum for small
masses (k, < kqr) for modes k < k. The mode starts well
inside the horizon with Bunch-Davies initial conditions
(i.e. power spectrum k?/4z?), which stay constant until
horizon exit. The power spectrum then evolves as a®> while
outside the horizon. When it finally crosses the comoving
Compton wavelength, the power spectrum remains con-
stant until we reach a,, at which point it starts decreasing as
a~'. We can then write

2
k2 (aCOmpton> a_*_ H%a*kz (C4)

az? \ 40 a 4n*m’a
exit
where aggt = k/H; is the moment of horizon exit and
Acompton = k/m is the moment of Compton crossing. A
similar reasoning can be used to compute all other
contributions.

APPENDIX D: OTHER RELEVANT BOUNDS

This Appendix is dedicated to providing estimates for
the isocurvature bounds coming from CMB measurements
and from Lyman-a forest data.

1. Isocurvature constraints

In a simplified way, isocurvature perturbations are those
that are not spatially aligned with the inhomogeneities of
the plasma. These can become sizable for relics originated
from nonthermic mechanisms such as the GPP. See for
instance Ref. [38], and references therein, for a review on
the topic.

Working in comoving gauge for the plasma perturba-
tions, the isocurvature power spectrum produced from a
species X coincides with its density contrast power spec-
trum A(%X, where 6y = px/pyx is the density contrast and

opy the fluctuations of the energy density py. At late times,
after GPP was completed, the two-point correlation
between density fluctuations in position space is given
by [28,39]
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(X(X)X(X+7))3

A5, = (8x(X)dx (X + 7))z =2 X ,

(D1)

where the symbol (---); indicates that the average is
obtained performing the integration over X, and (X?) =
(X(X)X(X))z is the zero-distance correlator that serves as
normalization for the power spectrum. The contrast power
spectrum is obtained after Fourier-transforming the quan-

tity above,

3 1 o0 D — k
AZ (k) :%/ dcos@/ dpPX<p)PX(|_1? k|)
SR SR 0 plp —kP?

(D2)

where we make use of the definition of the power spectrum
Px (k) of Eq. (20).

In all cases studied in this paper, the power spectrum is a
broken power law, peaked at some scale k.. Using this
property, one can show that

k 3
Aj (k< kpear) = 2( > , (D3)

kpeak

independently of the shape of the power spectrum for low k.
The Planck collaboration has constrained the isocurva-
ture power spectrum to be [66]

A(%X(kCMB) <Al ~8x 1071, (D4)
where  keyp = 0.05a) Mpe™! =~ (3.2 x 10740 GeV)q, is
the CMB pivot scale, with a, the scale factor today. In
order to obtain the upper limit above, it is considered that
curvature and isocurvature fluctuations are uncorrelated

“axion I"” according to Ref. [66]), which we assume to hold
in our case (see however Refs. [65,76]). Combining
Egs. (D3) and (D4), and using entropy density conservation
to write a3 = a290H ,m3; /(gxs(To)n*TruT}) to write ag
in terms of early Universe parameters (with mp the
reduced Planck mass, Ty the photon temperature today,
and g, the number of entropy degrees of freedom), we
obtain the following lower bound on the peak momentum:

Kpear 6 H, \?3[10° GeV\!/3
2 111 x 107, | —5=— — .
GeV 10" GeV TRH

(Ds)

In the cases discussed in the text for the vector DM particle,
we either have a peak at k, at kqg, or at both momenta, so
that we must take kpex = min(k,, kgg).

When kpeq = ky (usual GPP, thermal initial conditions,
two-stage inflation with m < mgg), we can use Eq. (32) to
write

ks 14\/E< lfle >1/6<1012 GeV) '/3. (D6)
a,H, H,\10 GeV Tru
Inserting this value in Eq. (D5) we find a lower bound on
the vector mass, which must be combined with the upper
bound m < mgg. For instance, H, = 10'* GeV and
Try = 102 GeV, masses below 10730 GeV are inconsis-
tent with isocurvature constraints.

In the opposite case, when ke, = kgr (Which applies to
the two-stage inflationary case with m > mgz), we can use

H,

ki = ageH, = (102 GeVa, [ PR ) (e
dR = dgri1, ( € )ae< 102 GeV

a.

). (D7)

Inserting this expression in Eq. (D5) we obtain the upper
bound

a, 1 Hé’ TRH
I <40+ -1 . (D8
o2 <adR> S0 glos (1012 GeV 10° Gev> (D8)

In the numerical analysis presented in Sec. IIIB this
condition is always satisfied, so that no isocurvature limits
appear in Figs. 5-6.

2. Lyman-a constraints

Large scale structures in our Universe are compatible
with DM being cold, i.e., nonrelativistic at the onset of
structure formation. One way to probe this is through the
Lyman-a forest, which consists of spectral lines of quasars
and other objects; because the light emitted by them
interacts with media at different redshifts, one observes
several spectral lines corresponding to the same atomic
transition. The Lyman-a forest is thus a probe of how
structures are spread in the Universe and, indirectly, of the
DM velocity. In particular, a too large DM velocity is
excluded by Lyman-a limits.

We can check if the particles produced via GPP respect
this constraint. Consider the average comoving momentum
(k) defined by

dk 1. Kn
<k>:f7k72"
O [dkEny

k 272

(D9)

with the spectrum defined in Egs. (17) and (18). We can
then compute the average velocity of the relic at a certain
scale factor a [for a > a,, with H(a,) = m] as

(v(a)) = &4

m

(D10)

If (v(a)) is sizable, it can disrupt the formation of present
structures. One way to measure this effect is through the
physical free-streaming length at a given time Agg(a) (see
for instance Refs. [38,77,78]),
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_ e, (w(d))
Jps(a) = a[l* da m,

where the integration starts at a, because only after that
point the relic abundance has formed. Note that this is
nothing but the integral of (v) over the conformal time
dy = dt/a = da/a’H, meaning that this free-streaming
length takes into account the propagation of DM in the
expanding Universe. In other words, it measures the
maximum physical distance the relic can travel at a given
scale factor a. Therefore, the relics will be subject to the
gravitational attraction only for scales larger than Agg(a),
whereas smaller structures will be inhibited.

The Lyman-a forest data probe structures down to the
Mpc scale. Below that, it is still difficult to probe the matter
power spectrum, thus allowing for DM to behave as warm
for scales < O(0.1 Mpc) [78]. This means that the free-
streaming length evaluated today must be constrained to
obey

(D11)

Aps(a = ag) < Ay, = 0.1 Mpc, (D12)
allowing us to put a bound on the relics produced
from GPP.

In Fig. 7 we show our results for the computation of the
free-streaming length of Eq. (D11) in the two-stage infla-
tionary case of Sec. III B. In the standard case with Ngg = 0
(dashed black), we see that only for masses m <
10726 GeV do we encounter problems with Lyman-a
bounds (D12), which is also rather insensitive to the
presence of a second phase (colored solid lines). Instead,
the extra phase of radiation domination prior to standard
inflation actually decreases the mean velocity of the DM, as
can be seen from the lower panel. In Fig. 7 we have chosen
Try = TR for concreteness, but lower reheating temper-
atures will not qualitatively change the results just dis-
cussed; the smaller the Tyy the smaller mgg is, hence the
diminishing of the free-streaming scale will be shifted to
lower masses. We therefore conclude that Lyman-a forest
constraints should not be relevant to the parameter space
shown in Fig. 6.

8.2

0t
10727 107 107 107 107" 1077 1073 10 10°
m [GeV]

1.3

FIG. 7. Lyman-a constraints for the preinflationary scenario,
with Try = TRE* and log(a,/agr) = 20. The upper panel shows
the mean free-streaming length of Eq. (D11) evaluated today, as a
function of the mass of the vector. The lower panel shows the
ratio between the average comoving momentum (k), computed
according to Eq. (D9), and k,, that represents the peak of the
spectrum in the usual GPP. Dashed black curves assume inflation
with Ngg = 0, whereas colors assume a certain amount of e-folds
of radiation domination Ngg in the two-stage inflationary
scenario, according to the color code.

Similarly, we argue that Lyman-a constraints will not be
relevant also for the results presented in Sec. III A, when
considering an initial thermal distribution. As we see from
the spectrum in Eq. (2), the peak of the distribution is
unchanged and therefore the average velocity should be
approximately equal to that of the standard GPP case. As a
consequence, the same limit m < 10726 GeV should follow
from Fig. 7 in the thermal case.

3. White noise

We highlight that for particles produced via GPP, another
relevant lower bound on their mass m < 10728 GeV comes
from Ref. [79], which exploits the characteristic white
noise of the density perturbations in order to constrain the
free streaming of the DM. In the cases considered here, this
bound is either weaker than other constraints or not relevant
in our parameter space.

[1] L. Parker, Phys. Rev. Lett. 21, 562 (1968).
[2] L. Parker, Phys. Rev. 183, 1057 (1969).
[3] L. Parker, Phys. Rev. D 3, 346 (1971); 3, 2546(E)

(1971).

[4] L.E. Parker, Other thesis, Harvard University, 2025,
arXiv:2507.05372.

[51 D.H. Lyth and D. Roberts, Phys. Rev. D 57, 7120
(1998).

[6] D.J. H. Chung, E. W. Kolb, and A. Riotto, Phys. Rev. D 59,
023501 (1998).

[7]1 E. W. Kolb, D.J. H. Chung, and A. Riotto, AIP Conf. Proc.
484, 91 (1999).

[8] D.J. H. Chung, P. Crotty, E. W. Kolb, and A. Riotto, Phys.
Rev. D 64, 043503 (2001).

[9] D.J. H. Chung, E. W. Kolb, A. Riotto, and L. Senatore,
Phys. Rev. D 72, 023511 (2005).

023044-20


https://doi.org/10.1103/PhysRevLett.21.562
https://doi.org/10.1103/PhysRev.183.1057
https://doi.org/10.1103/PhysRevD.3.346
https://doi.org/10.1103/PhysRevD.3.2546
https://doi.org/10.1103/PhysRevD.3.2546
https://arXiv.org/abs/2507.05372
https://doi.org/10.1103/PhysRevD.57.7120
https://doi.org/10.1103/PhysRevD.57.7120
https://doi.org/10.1103/PhysRevD.59.023501
https://doi.org/10.1103/PhysRevD.59.023501
https://doi.org/10.1063/1.59655
https://doi.org/10.1063/1.59655
https://doi.org/10.1103/PhysRevD.64.043503
https://doi.org/10.1103/PhysRevD.64.043503
https://doi.org/10.1103/PhysRevD.72.023511

EFFECTS OF NON-BUNCH-DAVIES INITIAL CONDITIONS ON ...

PHYS. REV. D 114, 023044 (2026)

[10] D.J. H. Chung, E. W. Kolb, and A.J. Long, J. High Energy
Phys. 01 (2019) 189.

[11] Y. Ema, K. Nakayama, and Y. Tang, J. High Energy Phys.
09 (2018) 135.

[12] E.E. Basso and D.J. H. Chung, J. High Energy Phys. 11
(2021) 146.

[13] E. W. Kolb, A.J. Long, E. McDonough, and G. Payeur,
J. High Energy Phys. 02 (2023) 181.

[14] M. Redi and A. Tesi, J. High Energy Phys. 01 (2023) 085.

[15] L. Jenks, E. W. Kolb, and K. Thyme, J. High Energy Phys.
05 (2025) 077.

[16] D. Racco, S. Verner, and W. Xue, J. High Energy Phys. 09
(2024) 129.

[17] A. Belfiglio and O. Luongo, Phys. Rev. D 110, 023541
(2024).

[18] S. Verner, J. Cosmol. Astropart. Phys. 05 (2025) 060.

[19] M. A. G. Garcia, W. Ke, Y. Mambrini, K. A. Olive, and S.
Verner, J. Cosmol. Astropart. Phys. 08 (2025) 039.

[20] D.J. H. Chung, L. L. Everett, H. Yoo, and P. Zhou, Phys.
Lett. B 712, 147 (2012).

[21] P. Adshead and E.I. Sfakianakis, J. Cosmol. Astropart.
Phys. 11 (2015) 021.

[22] Y. Ema, K. Nakayama, and Y. Tang, J. High Energy Phys.
07 (2019) 060.

[23] F. Koutroulis, O. Lebedeyv, and S. Pokorski, J. High Energy
Phys. 04 (2024) 027.

[24] P. W. Graham, J. Mardon, and S. Rajendran, Phys. Rev. D
93, 103520 (2016).

[25] E. W. Kolb and A.J. Long, J. High Energy Phys. 03 (2021)
283.

[26] A. Ahmed, B. Grzadkowski, and A. Socha, J. High Energy
Phys. 08 (2020) 059.

[27] A. Arvanitaki, S. Dimopoulos, M. Galanis, D. Racco, O.
Simon, and J.O. Thompson, J. High Energy Phys. 11
(2021) 106.

[28] M. Redi and A. Tesi, J. High Energy Phys. 10 (2022) 167.

[29] C. Capanelli, L. Jenks, E. W. Kolb, and E. McDonough,
Phys. Rev. Lett. 133, 061602 (2024).

[30] C. Capanelli, L. Jenks, E. W. Kolb, and E. McDonough,
J. High Energy Phys. 09 (2024) 071.

[31] R. Kallosh, L. Kofman, A.D. Linde, and A. Van Proeyen,
Phys. Rev. D 61, 103503 (2000).

[32] G.F. Giudice, I. Tkachev, and A. Riotto, J. High Energy
Phys. 08 (1999) 009.

[33] E. W. Kolb, A.J. Long, and E. McDonough, Phys. Rev. D
104, 075015 (2021).

[34] K. Kaneta, W. Ke, Y. Mambrini, K. A. Olive, and S. Verner,
Phys. Rev. D 108, 115027 (2023).

[35] E. W. Kolb, S. Ling, A.J. Long, and R. A. Rosen, J. High
Energy Phys. 05 (2023) 181.

[36] S. Alexander, L. Jenks, and E. McDonough, Phys. Lett. B
819, 136436 (2021).

[37] L. H. Ford, Rep. Prog. Phys. 84, 116901 (2021).

[38] E. W. Kolb and A.J. Long, Rev. Mod. Phys. 96, 045005
(2024).

[39] M. A. G. Garcia, M. Pierre, and S. Verner, Phys. Rev. D 108,
115024 (2023).

[40] R. Ebadi, S. Kumar, A. McCune, H. Tai, and L.-T. Wang,
Phys. Rev. D 109, 083519 (2024).

[41] M. A. G. Garcia and S. Verner, arXiv:2506.12126.

[42] E. Bertuzzo, Y.F. Perez-Gonzalez, G. M. Salla, and R.Z.
Funchal, J. Cosmol. Astropart. Phys. 09 (2024) 059.

[43] K. Kaneta, S. M. Lee, and K.-y. Oda, J. Cosmol. Astropart.
Phys. 09 (2022) 018.

[44] A. Chakraborty, S. Clery, M. R. Haque, D. Maity, and Y.
Mambrini, Phys. Rev. D 112, 043511 (2025).

[45] D. Feiteira and O. Lebedev, J. Cosmol. Astropart. Phys. 07
(2025) 003.

[46] T. Markkanen, A. Rajantie, and T. Tenkanen, Phys. Rev. D
98, 123532 (2018).

[47] L.E. Padilla, J. A. Vazquez, T. Matos, and G. Germadn,
J. Cosmol. Astropart. Phys. 05 (2019) 056.

[48] C. Cosme and T. Tenkanen, Phys. Rev. D 102, 123534
(2020).

[49] R. Garani, M. Redi, and A. Tesi, Phys. Rev. Lett. 134,
101005 (2025).

[50] R. Garani, M. Redi, and A. Tesi, J. High Energy Phys. 08
(2025) 037.

[51] E. Alexeev and R. Flauger, arXiv:2502.16745.

[52] M. Gasperini, M. Giovannini, and G. Veneziano, Phys. Rev.
D 48, R439 (1993).

[53] N. Kaloper, M. Kleban, A. Lawrence, S. Shenker, and L.
Susskind, J. High Energy Phys. 11 (2002) 037.

[54] U. H. Danielsson, Phys. Rev. D 66, 023511 (2002).

[55] C.P. Burgess, J.M. Cline, F. Lemieux, and R. Holman,
J. High Energy Phys. 02 (2003) 048.

[56] R. Holman and A.]J. Tolley, J. Cosmol. Astropart. Phys. 05
(2008) 001.

[57] I.-C. Wang and K.-W. Ng, Phys. Rev. D 77, 083501
(2008).

[58] N. Agarwal, R. Holman, A.J. Tolley, and J. Lin, J. High
Energy Phys. 05 (2013) 085.

[59] A. Aravind, D. Lorshbough, and S. Paban, J. High Energy
Phys. 07 (2013) 076.

[60] R. Flauger, D. Green, and R. A. Porto, J. Cosmol. Astropart.
Phys. 08 (2013) 032.

[61] U. Danielsson, J. High Energy Phys. 04 (2019) 095.

[62] K. Bhattacharya, S. Mohanty, and R. Rangarajan, Phys.
Rev. Lett. 96, 121302 (2006).

[63] I. Agullo and L. Parker, Gen. Relativ. Gravit. 43, 2541
(2011).

[64] I. Agullo and L. Parker, Phys. Rev. D 83, 063526
(2011).

[65] D.J.H. Chung and H. Yoo, Phys. Rev. D 87, 023516
(2013).

[66] Y. Akrami et al. (Planck Collaboration), Astron. Astrophys.
641, A10 (2020).

[67] V. Cardoso, O.].C. Dias, G. S. Hartnett, M. Middleton, P.
Pani, and J. E. Santos, J. Cosmol. Astropart. Phys. 03 (2018)
043.

[68] C. Unal, F. Pacucci, and A. Loeb, J. Cosmol. Astropart.
Phys. 05 (2021) 007.

[69] Y. Chen, R. Roy, S. Vagnozzi, and L. Visinelli, Phys. Rev. D
106, 043021 (2022).

[70] A.K. Saha, P. Parashari, T. N. Maity, A. Dubey, S. Bouri,
and R. Laha, Eur. Phys. J. C 84, 901 (2024).

[71] A. Arvanitaki and S. Dubovsky, Phys. Rev. D 83, 044026
(2011).

[72] R. Brito, V. Cardoso, and P. Pani, Lect. Notes Phys. 906, 1
(2015).

023044-21


https://doi.org/10.1007/JHEP01(2019)189
https://doi.org/10.1007/JHEP01(2019)189
https://doi.org/10.1007/JHEP09(2018)135
https://doi.org/10.1007/JHEP09(2018)135
https://doi.org/10.1007/JHEP11(2021)146
https://doi.org/10.1007/JHEP11(2021)146
https://doi.org/10.1007/JHEP02(2023)181
https://doi.org/10.1007/JHEP01(2023)085
https://doi.org/10.1007/JHEP05(2025)077
https://doi.org/10.1007/JHEP05(2025)077
https://doi.org/10.1007/JHEP09(2024)129
https://doi.org/10.1007/JHEP09(2024)129
https://doi.org/10.1103/PhysRevD.110.023541
https://doi.org/10.1103/PhysRevD.110.023541
https://doi.org/10.1088/1475-7516/2025/05/060
https://doi.org/10.1088/1475-7516/2025/08/039
https://doi.org/10.1016/j.physletb.2012.04.066
https://doi.org/10.1016/j.physletb.2012.04.066
https://doi.org/10.1088/1475-7516/2015/11/021
https://doi.org/10.1088/1475-7516/2015/11/021
https://doi.org/10.1007/JHEP07(2019)060
https://doi.org/10.1007/JHEP07(2019)060
https://doi.org/10.1007/JHEP04(2024)027
https://doi.org/10.1007/JHEP04(2024)027
https://doi.org/10.1103/PhysRevD.93.103520
https://doi.org/10.1103/PhysRevD.93.103520
https://doi.org/10.1007/JHEP03(2021)283
https://doi.org/10.1007/JHEP03(2021)283
https://doi.org/10.1007/JHEP08(2020)059
https://doi.org/10.1007/JHEP08(2020)059
https://doi.org/10.1007/JHEP11(2021)106
https://doi.org/10.1007/JHEP11(2021)106
https://doi.org/10.1007/JHEP10(2022)167
https://doi.org/10.1103/PhysRevLett.133.061602
https://doi.org/10.1007/JHEP09(2024)071
https://doi.org/10.1103/PhysRevD.61.103503
https://doi.org/10.1088/1126-6708/1999/08/009
https://doi.org/10.1088/1126-6708/1999/08/009
https://doi.org/10.1103/PhysRevD.104.075015
https://doi.org/10.1103/PhysRevD.104.075015
https://doi.org/10.1103/PhysRevD.108.115027
https://doi.org/10.1007/JHEP05(2023)181
https://doi.org/10.1007/JHEP05(2023)181
https://doi.org/10.1016/j.physletb.2021.136436
https://doi.org/10.1016/j.physletb.2021.136436
https://doi.org/10.1088/1361-6633/ac1b23
https://doi.org/10.1103/RevModPhys.96.045005
https://doi.org/10.1103/RevModPhys.96.045005
https://doi.org/10.1103/PhysRevD.108.115024
https://doi.org/10.1103/PhysRevD.108.115024
https://doi.org/10.1103/PhysRevD.109.083519
https://arXiv.org/abs/2506.12126
https://doi.org/10.1088/1475-7516/2024/09/059
https://doi.org/10.1088/1475-7516/2022/09/018
https://doi.org/10.1088/1475-7516/2022/09/018
https://doi.org/10.1103/1l7y-rdqr
https://doi.org/10.1088/1475-7516/2025/07/003
https://doi.org/10.1088/1475-7516/2025/07/003
https://doi.org/10.1103/PhysRevD.98.123532
https://doi.org/10.1103/PhysRevD.98.123532
https://doi.org/10.1088/1475-7516/2019/05/056
https://doi.org/10.1103/PhysRevD.102.123534
https://doi.org/10.1103/PhysRevD.102.123534
https://doi.org/10.1103/PhysRevLett.134.101005
https://doi.org/10.1103/PhysRevLett.134.101005
https://doi.org/10.1007/JHEP08(2025)037
https://doi.org/10.1007/JHEP08(2025)037
https://arXiv.org/abs/2502.16745
https://doi.org/10.1103/PhysRevD.48.R439
https://doi.org/10.1103/PhysRevD.48.R439
https://doi.org/10.1088/1126-6708/2002/11/037
https://doi.org/10.1103/PhysRevD.66.023511
https://doi.org/10.1088/1126-6708/2003/02/048
https://doi.org/10.1088/1475-7516/2008/05/001
https://doi.org/10.1088/1475-7516/2008/05/001
https://doi.org/10.1103/PhysRevD.77.083501
https://doi.org/10.1103/PhysRevD.77.083501
https://doi.org/10.1007/JHEP05(2013)085
https://doi.org/10.1007/JHEP05(2013)085
https://doi.org/10.1007/JHEP07(2013)076
https://doi.org/10.1007/JHEP07(2013)076
https://doi.org/10.1088/1475-7516/2013/08/032
https://doi.org/10.1088/1475-7516/2013/08/032
https://doi.org/10.1007/JHEP04(2019)095
https://doi.org/10.1103/PhysRevLett.96.121302
https://doi.org/10.1103/PhysRevLett.96.121302
https://doi.org/10.1007/s10714-011-1220-8
https://doi.org/10.1007/s10714-011-1220-8
https://doi.org/10.1103/PhysRevD.83.063526
https://doi.org/10.1103/PhysRevD.83.063526
https://doi.org/10.1103/PhysRevD.87.023516
https://doi.org/10.1103/PhysRevD.87.023516
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1088/1475-7516/2018/03/043
https://doi.org/10.1088/1475-7516/2018/03/043
https://doi.org/10.1088/1475-7516/2021/05/007
https://doi.org/10.1088/1475-7516/2021/05/007
https://doi.org/10.1103/PhysRevD.106.043021
https://doi.org/10.1103/PhysRevD.106.043021
https://doi.org/10.1140/epjc/s10052-024-13239-x
https://doi.org/10.1103/PhysRevD.83.044026
https://doi.org/10.1103/PhysRevD.83.044026
https://doi.org/10.1007/978-3-319-19000-6_3
https://doi.org/10.1007/978-3-319-19000-6_3

BERTUZZO, SALLA, and TESI

PHYS. REV. D 114, 023044 (2026)

[73] G. D’ Amico and N. Kaloper, J. Cosmol. Astropart. Phys. 08
(2021) 058.

[74] N.D. Birrell and P.C.W. Davies, Quantum Fields in
Curved Space, Cambridge Monographs on Mathematical
Physics (Cambridge University Press, Cambridge, England,
1982), ISBN 978-0-511-62263-2, 978-0-521-27858-4.

[75] O. Lebedev and J.-H. Yoon, Phys. Lett. B 873, 140222
(2026).

[76] D.J.H. Chung, H. Yoo, and P. Zhou, Phys. Rev. D 87,
123502 (2013).

[77] A. Boyarsky, J. Lesgourgues, O. Ruchayskiy, and M. Viel,
J. Cosmol. Astropart. Phys. 05 (2009) 012.

[78] M. Viel, G.D. Becker, J.S. Bolton, and M. G. Haehnelt,
Phys. Rev. D 88, 043502 (2013).

[79] M. A. Amin and M. Mirbabayi, Phys. Rev. Lett. 132,
221004 (2024).

023044-22


https://doi.org/10.1088/1475-7516/2021/08/058
https://doi.org/10.1088/1475-7516/2021/08/058
https://doi.org/10.1016/j.physletb.2026.140222
https://doi.org/10.1016/j.physletb.2026.140222
https://doi.org/10.1103/PhysRevD.87.123502
https://doi.org/10.1103/PhysRevD.87.123502
https://doi.org/10.1088/1475-7516/2009/05/012
https://doi.org/10.1103/PhysRevD.88.043502
https://doi.org/10.1103/PhysRevLett.132.221004
https://doi.org/10.1103/PhysRevLett.132.221004

	Effects of non-Bunch-Davies initial conditions on gravitationally produced relics
	I. INTRODUCTION
	II. GPP FOR GENERIC INITIAL STATES
	A. Mode functions and Bogoliubov transformations
	B. Power spectrum
	1. Peak in the power spectrum: The case of vector DM


	III. RESULTS
	A. Thermal distribution
	B. Two-stage inflationary dynamics

	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: CONVENTIONS AND USEFUL FORMULAS
	1. Spin-0 field
	2. Spin-1/2 field
	3. Spin-1 field

	APPENDIX B: COHERENT STATES
	APPENDIX C: SPECTRUM FOR THE TWO-STAGE INFLATIONARY SCENARIO FOR SPIN-1 DM
	APPENDIX D: OTHER RELEVANT BOUNDS
	1. Isocurvature constraints
	2. Lyman-&alpha; constraints
	3. White noise

	References


