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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 inves-
tigate 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 non-trivial
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 large 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.

I. INTRODUCTION

The persistent lack of non-gravitational 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 gener-
ated? It is well known that gravitational interactions are,
by far, too feeble to allow such DM candidate to come
in thermal contact with the SM bath. However, other
mechanisms, generically dubbed as “gravitational pro-
duction” are at play in the early universe and may gen-
erate the desired abundance. Here we focus on one such
mechanisms, cosmological Gravitational Particle Produc-
tion (GPP), that consists in the production of particles
from amplification of quantum fluctuations in the evolv-
ing cosmological background. This phenomenon, known
since the sixties [1-4], is completely analogous to the gen-
eration of perturbations in the usual inflationary theory.
The standard picture can be summarized as follows: sup-
pose the system is in the ground state of the field of inter-
est, |0in) (usually called 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
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the evolution of the cosmological background, causing
the ground state |Oyyt) at later times to not coincide, in
general, with |0;,). An observer at late times will in-
terpret the |0in) # |Oout) 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.g for the evolving
sector, €% = (0yy¢|0in), 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, be-
cause of the lack of non-gravitational 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 mecha-
nism that does not erase initial conditions (like freeze-in,
for instance). More specifically, the spectrum and abun-
dance 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
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 mech-
anism, 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 |(0out|Oin)|? is computed using an ef-
fective 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 pre-inflationary dy-
namics that generates a state |1)) populated by particles.
This problem is not new in the context of inflationary
perturbations and was extensively studied in the litera-
ture (see refs. [52-62] for a partial list of references). Nev-
ertheless, to the best of our knowledge, the production
of non-interacting relics, e.g. DM, in the presence of ini-
tial 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 spec-
trum and abundance of relics, in particular DM. Naively,
one would expect the final number of gravitationally pro-
duced particles to simply be the sum between the parti-
cles 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
equilibrium before visible inflation, remaining agnostic
on the precise dynamics that generates this initial con-
dition. 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 domina-
tion phase. As we are going to 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. Il we dis-
cuss the formalism that allows to compute the final parti-
cle spectrum and abundance of gravitationally produced
particles. 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:

1 Comparison among these methods and further discussion can be
found in refs. [43-45].

one in which we assume thermal initial conditions with-
out specifying its dynamical origin (sec.IITA) 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 infla-
tion (sec.IIIB). In sec. IV we draw our conclusions. We
also add a number of appendices: in app. A we discuss
the conventions we adopt for spin-0, 1/2 and 1 fields.
In app. B we discuss why coherent initial states do not
modify GPP and their difference between thermal and
squeezed states. We present in app. C approximate ana-
lytical results for the spectrum and number density of
the two-stage inflation scenario discussed in sec.lII B.
In app.D we instead discuss different limits on the pa-
rameter space (isocurvature, Lyman-a and white noise).
Throughout the manuscript, we use natural units A =
¢ = 1 and write the Friedmann—Lemaitre-Robertson—
Walker (FLRW) metric as ds? = a(n)?(dn? — dx?), with
7 denoting conformal time and bold quantities three-
vectors. A prime represents the derivative with respect
to n, X'(n) = dX(n)/dn. Other useful conventions are
summarized in app. A.

II. GPP FOR GENERIC INITIAL 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
transformations or directly in terms of the field power
spectrum. In this work we compute everything with fields
rescaled by their Weyl factor k. Any (massive) field X,
after a Weyl rescaling, X = a(n)®X, satisfies the quan-
tum equation

OX +m?a®X + (curvature) X = 0,

where (0 = 8% — 02 is the flat space D’Alembertian.
Scalars have k = 1, fermions k = 3/2 and gauge field
k = 0. The curvature term disappears when X is confor-
mally coupled to gravity, which is the case for fermions
and massless gauge fields. Instead, light scalars (Gold-
stone bosons) are naturally minimally coupled to gravity.
Notice that since quantum commutation relations are de-
fined at equal times, the Weyl-rescaled X obeys the same
quantization as its parent field X, modulo an overall nor-
malization 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

UETOO<T)O(O(77)> = (px(n)) = mlnx(n)), (1)
where in the last equality we have used the fact that, at
late times, the DM is collisionless and non-relativistic.
As such, eventually, we are most primarily interested in
the calculation of (nx). In general, however, the relevant



phenomenological quantity is px, which can be computed
in terms of the energy density of the Weyl-rescaled field
X as

a*(px(n)) = (Hn)/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 = {®, x}, for which upper an
lower signs apply respectively. 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 app. A.

A. DMode 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 con-
sider here the case of X = {¢, x}, free fields in FRW with
mass m, which can be expanded as follows

d(r) = /(;i];?) [ak w,(n) + aikuik(n)} etk

@) = [ o+ ol ] e, o

where the operators satisfy [a,,al]s = (2m)%6®) (k — q).
The object of interest is the mode function ug(7), which
is a complex scalar for ¢ and a spinor for y, with v =
—iy?u}. Interestingly, in this basis the mode function
sastisfy a very simple equation

iy (1) + wii () ug(n) =0, (4)

and similarly for the left-handed chirality component zy,
of the spinor uy (see however app. A for more details).

All the physics is encoded in the frequency wy, which
knows about the type of field X, and, together with
the boundary conditions, determines the solution for wuy.
With the explicit solution is possible to expand the (op-
erator) H as follows

3
i St
+ F.(n) apa_y, + h.c.|.

This is what we need to compute the average on the
proper state to obtain the energy density as in (2). Know-
ing the solution u; and the initial state, the energy den-
sity can be immediately computed. In the bosonic case

(spin-0 and spin-1) we have

() = [ +wilug?,  Faln) = (up)* +wiug, (6)

while for a spin-1/2 spinor we have

x’2+w2x 2—OJ2
Qk(ﬁ)zl k| k‘ k| k7

= % [(m;);fw,%mﬂ . "

Fr(n)

In the latter expression, & is a phase satisfying the iden-
tities [21] £;&, = 1 and £_j, = =& [21]. We again refer
the reader to app. 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 in-
side the horizon we can approximate w,% ~ k2, while at
late times, when m > H,k/a, w? ~ a?m?. In these
two regimes the frequency is adiabatic, i.e. w}/wi < 1,
and the concept of particle makes sense. The choice
of mode functions defines a specific annihilation op-
erator ajp, which in turn defines a vacuum state via
ag|0,) = 0. In Minkowski spacetime, the frequency is
time-independent (w? = k? +m?) and so is the Hamilto-
nian, hence, once we choose positive-energy mode func-
tions wuy o e~k 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(n) associated
with annihilation operators b;. A good decomposition of
the field ¢ thus

3
d(x) = /(;lwk)g {bk wy(n) + bikwik(n) etk (8)

with the by operator (and hence the mode functions wy)
identifying a late-time vacuum bg|0;) = 0. In general,
due to the time dependence of the background evolution,
one finds |0,) # |0p), showing that early and late time
observers to not agree on the notion of vacuum. Since
both {ug,uj} and {wy,wj} are solutions of eq.(4), it
must be possible to express one in terms of the other via
a Bogoliubov transformation

wy, = oy — P&y uly. 9)
This, in turn, results in a Bogoliubov transformation be-
tween aj and by operators:

ay, = ayb, + By & by,

(10)

aik = o bik + B, €1 by
Due to quantization, we have the constraint |a|? F
|Bx|> = 1. For bosons, the phase & is even under
k — —k, as is B, so it can be reabsorbed in the latter



parameter. For fermions, this phase is instead instrumen-
tal in guaranteelng that the Bogoliubov transformation
is not singular. *

In a cosmological background, it is typically not possi-
ble to find solutions that define the vacuum minimizing
the energy for all times. However, the fact that the fre-
quency 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 WKB ap-
proximation. At late times we can thus take

1
2w (n)

while the mode function wuj 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 d3k/’ t t (JJ;C
5/@‘%(”) [bkbkibkbk} +0 (wﬁ) , (12)

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 Heisen-
berg picture and fix the state to be [1)) (not necessarily
the vacuum) at initial times. The number of gravita-
tionally produced particles, as measured by a late time
observer that uses the by basis (us), can be computed in
two different, but equivalent ways. One can, in terms
of the mode function uy, 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

lim (6[H[) =

wy = et dn'wk(n’), (11)

Hlate =

(Y[ Hate|¥), (13)

we can derive an expression for the final number of parti-
cles, by reading out the vacuum expectation value of btb
on |¢). Defining (N,{) = <w|bLbk|w>, we have

(Nl) = Q(n) (2N £ V)

Qw

+ F.(n) (C™ + c.c.
(14)

2 More precisely, without the property £_j = —&, we would ob-
tain that b, and bL would always be proportional to (Jay|? —
|Bk|?)~ L, independently from the statistics. While for bosons
this is always equal to one and the transformation is always
invertible, for fermions it may vanish, making the Bogoliubov
transformation singular. The property £ , = —&x guaran-
tees that, for fermions, b, and bz are proportional to (|ax|? +

1Brk]?) ™1

= 1, making the transformation always invertible.

In the above equation we have some important quantities
for our discussion: i) (Nj») = <1/}|(1Lak|1/)> is the number
of particles of comoving momentum k in the initial state;
ii) (Ci™) = (Ylaga—i|v). The appearance of comoving
volume factors V originates from the use the commu-
tation relations yielding (27)36(*)(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

<NI{> = VI8 + (1 £2[8,[%) (V")

(o} BL & (CE) + e
(15)

where we have used |ay |?F|Bk|* = 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

na3=/ &k <N’{> :/% (;;nk>, (16)

(2r)3 vV
where in the last step we have defined ny = (N,{)/V
and a is the scale factor. If we now define the initial
(comoving) number density (n;') = (N;*)/V and (¢}) =
(C?)/V, we can write

1 .
= g () (200 £ 1)
* . an
+ Fe(m){c®) +ce.| F 3
or, equivalently,
e = [Bel® + (1 £216, ) (ni¥)
* % ¢k / in (18)
— (% Bi & (e +cc) -

As a crosscheck, we observe that, when |¢) is the
Bunch-Davies vacuum, we have (ni") = (ci) = 0 and
2m2ng [k2 = |Bi)? = (Qk —wg)/(2wy).? Actually, for the
Bunch-Davies vacuum we also have that Fj(n — —o0) =
0. This is the standard result used in the literature [38].
When we allow for a more generic initial state, two ef-
fects emerge: (i) a “stimulated emission” or “Pauli block-
ing” term proportional to (ni") (this nomenclature was
introduced already in ref. [2]) and (ii) terms proportional
to the matrix elements (¢|axa—_g|1)) and <¢|a£aik|¢>,
which can be non-vanishing only if the initial state [¢) is
a linear combination of multiparticle states of the form

3
Z/ dkl & k) Uk, kK1, Een),

(19)

3 In Minkowski spacetime, Qj = wy and there is no CGGP as
expected.



where the functions ¥, (ki,...,k,) must be chosen in
such a way that (¢[¢)) = 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 con-
clusion is clear: in order to compute the final number of
gravitationally produced particles, it is sufficient to solve
the EoM (4) (and the analogous ones for fermions) and
use eq. (17). Alternatively, we can compute the Bogoli-
ubov coefficients ay and S 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. I11, while we
argue in app. B that the coherent states have no impact in
the relic abundace. Second, we observe that the compu-
tation of the spectrum from the expressions in egs. (17)-
(18) carries a redundancy. In other words, one is allowed
to choose how to read the non-trivial initial conditions,
depending to which term in nj carries the information
about them. There are basically two different interpre-
tations:

e The state |¢) carries all the information about the
initial conditions and we take Bunch-Davies initial
conditions for the mode functions, namely uy(n;) =
e )i/ /2, (1) and wj, (1m:) = —icon (1:)un (1:),
with 7; the initial conformal time. In this way,
Qi (n:) = wi(n:) and Fr(n;) = Br(n:) = 0, whereas
we take ng(n;) = (ni') and (¢!) # 0, such that
eqs. (17)-(18) are automatically satisfied at initial
times;

e The state is taken to be the vacuum [¢)) = |Oi,),
while the mode functions wuy carry all the infor-
mation about the initial state. As a consequence,
(ni*) = 0 and (c") = 0 as if we were consider-
ing a Bunch-Davies initial state, but we choose
initial conditions uy(n;) and w},(n;) in such a way
that Qr(n;) = wi(n:)(£2nk(n;) + 1) or, equiva-
lently, |Bk(1:)]> = nx(n;). This again guarantees
that eqs. (17)-(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. [T A, that we obtain the same re-
sults with both approaches. In studies involving more
observables other than the spectrum, possibly this redun-
dancy is broken and one might have to choose only one
of these interpretations, 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 em-
ploys the power spectrum of the field, when sizable pro-
duction 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

(X)X () = )6 b+ 0) P (k). (20)

where the average is taken over the state |1)). Our start-
ing 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 |¢) states, the re-
sult can be expressed using the power spectrum defined
in eq. (20) as

v

(H) = 5

[GPeratrd,
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 app. 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 evo-
lution is adiabatic, the power spectrum is always well de-
fined. We can make the comparison more precise focusing
on the scalar ¢, comparing eq. (21) with the expectation
value of eq. (12), from which we obtain

1272 1

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 virial-
ized (Py ~ wiPy) and we have (k3/272)n;, ~ wyPy.
In sec. 11, we will present plots for (k3/27%)n; which
is a probe for the power spectrum at late times. The
power spectrum also encodes information about the ini-
tial conditions. To see this, we observe that the average
in eq. (20) can be made explicit using the field decom-
position of eq. (3). The matrix elements of the bilinears
of annihilation and creation operators that appear are
simplified using momentum conservation:

ala :<a2ak> )36 (k —
(o) = S P00

(anag) = P (2mp5 O + ),

from which we obtain, for any bosonic field,

2 i
2T Palk,m) = g () (200) + 1)

+ uy (n)* () + c.c..



T(k,n) = const

FIG. 1.  Sketch showing the behavior of the transfer func-
tion of a vector field, eq. (26) for instantaneous reheating. We
show the comoving horizon 1/aH (black) and the comoving
Compton wavelenght 1/am (purple). The scale factor ae de-
notes the end of inflation and a, the moment in which m = H
and the evolution becomes adiabatic. We take Hins to be the
Hubble parameter during inflation.

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 wug(n)). Once these information are known,
Px(k,n) can be computed at any time. Since we are
concerned with imposing appropriate initial conditions,
it is convenient to follow the standard procedure and in-
troduce a transfer function T'(k,7n) such that

Px(k,n) = Px (k)exit T(k, 1), (25)

where Px (k)exit 18 the power spectrum at the moment of
horizon exit during inflation. With respect to the stan-
dard case there is a complication. When the term propor-
tional to {(ci') is absent in eq. (24), the transfer function
can be simply computed as T'(k,n) = |ugx(17)]?/|ux(7:)]>.
When (ci*) # 0, care must be taken, since the terms |uy|?
and 3 in eq. (24) agree on the overall dependence on a,
but evolve with different phases. As we are going to see
in sec. I, 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 section III,
we would like to comment on the case of a massive vec-
tor, with notation as in app. A 3. This case is a reference
for all models that develop a peak in the power spectrum
at some comoving momentum Kkpeq. This happens for
all fields, with the exception of the minimally coupled

scalar. The appearance of the peak can be understood
inspecting the transfer functions T'(k,7n), which are re-
ported in app. 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 recon-
nect 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 pa-
rameter Hi,¢) and take reheating to be instantaneous.
The transfer function for the Weyl-rescaled longitudinal

component of a vector field, called v in app. A, is (see
eq. (A37))

const k> aH, am
a? aH > k> am
Tk, ) o const aH > am >k (26)
a ! am >k, aH

where we have maintained only the overall a scaling,
averaging over oscillations. We find 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. | 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/Hint), they
evolve as a® until the moment in which they enter the
blue region (a = k/m), at which point they remain con-
stant until crossing into the green region, in which they
start decreasing as a~!. We thus have

k/m 2a* HZ.a,
T(k,n) = = ey CEERS kE<k,. (27
(k) (k/Hinf) a m? a’ « (27)

For modes k, < k < k., the modes again exit the horizon
into the red region when a = k/Hj,s. They then evolve
as a” until they enter again the horizon during radiation
domination (when a = a2 Hine/k), they remain constant
while they are inside the horizon and then enter the green

region at @ = k/m, at which point they start to evolve
1

as a . Overall, the transfer function for these modes
results in
azHinf/k 2 k/m (CLeHinf)4
Tk, == = k k< ke.
( 577) ( k/Hinf> a k3ma 3 *< <
(28)

Finally, for modes k > k. the evolution is always adia-
batic and no GPP happens.

Putting everything together, we have that the trans-
fer function is initially constant and then decreases as
k=3. This behavior contributes to the formation of
the peak previously mentioned. To further clarify this
point, we consider the usual case of Bunch—Davies ini-
tial conditions, i.e. we take ux(n;) — e " /v/2k (and
(Niny = (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

k2
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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 spec-
trum 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 estimat-
ing (k*/2n%)ny, ~ wy,P,s/2 using the power spectrum just
computed and wy ~ am. Integrating over all momenta
we obtain

Pu(k)exit = (Bunch-Davies). (29)

3(& Hinf)3 Hinf
3 ~ e
na = 87‘[’2 m ) (30)

from which the following final abundance can be derived:

Qvector
~

Qcom
: 2 3 33
TRH Hmf m na /(aeHlnf)
109 GeV 1012GeV / Hiyt 10-5 ’

(31)

with Qcpy ~ 0.26 the present observed DM abundance.
We observe that, comparing egs. (30) and (31), we repro-
duce the well-known behavior Q o /m [24-26, 28]. Al-
though we have shown explicitly only the case of instan-
taneous reheating, a similar analysis can be performed for
finite reheating and the spectrum is similarly peaked at
k. In what follows, it will be useful to have approximate
expressions for k,:

m O\ /3
k* = eHin T )
“ ! (Hinf>

1/2 1/6
Hin . .
ki =~ aeHint <m) ( f) , H =m at radiation,

Hipe Hry

(32)

where Hry = \/729.(Tru) Tiy/(90M32) is the Hubble at
the end of reheating, with Mp the reduced Planck mass,
and g¢.(7T) the number of relativistic degrees of freedom
at temperature 7.

Of course, while the conclusion that the power spec-
trum 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 oscilla-
tions, 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 exam-
ples considered in sec. I1] will have peaked power spectra,
one for which kpeax = 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.

H = m at reheating,

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 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 (con-
formally coupled scalar with £ = 1/6, spin 1/2 spinors,
transverse polarizations of vector fields). For these cases,
wr ~ k until the mode crosses the comoving Compton
wavelength and the mass term in wy becomes impor-
tant (see app.A), so that the mode functions that ap-
pear in eq.(17) are the Bunch-Davies ones to a very
good degree of approximation. This implies Qf ~ wg
and Fj ~ 0, so that there is essentially no GPP in this
regime and nj; ~ (ni") until Compton crossing. Ac-
cording to eq.(16), this initial population just quickly
redshifts away, so that we expect GPP to be largely
unaffected by non Bunch-Davies initial conditions for
these “almost conformal” cases. We also do not focus
on minimally coupled scalars, since it is known that they
are excluded by isocurvature constraints [9, 39, 65] (see
app. D 1) and a non-vanishing 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 impor-
tant, so that they are most affected by non Bunch—Davies
initial conditions.

For all our results, we consider a period of infla-
tion, described for simplicity by the single-field quadratic
(chaotic) model, followed by a phase of reheating pro-
pelled by inflaton decays and by the usual period of radi-
ation domination.” In what follows, ac, Hint (Tru, Hru)
denote the scale factor and Hubble parameter (tempera-
ture 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

(i) = e —p (&) =0, (33)

4 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 < Hinf, which is the regime considered here.
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FIG. 2. Comoving momentum spectrum for a spin-1 relic
with a mass m = 107?° GeV and reheating temperature
Truy — 10~ GeV. Dashed black denotes results obtained us-
ing Bunch—Davies initial conditions, while colors assume dif-
ferent values for the initial temperature 7' according to the
color code.

at some initial time a;. These relations follow computing
the expectation values of an operator O as tr(pQ) with
thermal density matrix

p=TI(1—e7) 3 eMHTINY N, (34)
k

Np=0

where |Ng) is a state with Ny quanta with momentum k.
The parameter 7T is the comoving temperature, related as
usual to the physical temperature of the pre-inflationary
thermal bath by Tpnys = T'/a. To be independent of
the convention of the scale factor, we present our result
in terms of T/(a.Hiys), which is a physical dimension-
less 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 pro-
duced the relic through a thermal mechanism. For our
computation to be valid, we need to assume that the in-
teractions 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 mo-
mentum spectrum (k2 /272)ny/(ae Hing)® of the longitu-
dinal component of a vector particle, for concreteness
choosing m = 1072% GeV and Tgy = 107! 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'/(ae Hing)-
From the plot we see that, although the slopes change
with respect to the usual Bunch—Davies case, the ther-
mal distribution preserves most of the features of the
spectrum. 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 ini-
tial thermal distribution is only important when £ < T,
implying that (ni®) ~ T'/k, which is why the slopes of n,
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FIG. 3. Abundance levels for spin-1 DM in the scenario with
an initial thermal distribution. We show in the m — T pa-
rameter space the curves representing the total DM abun-
dance today. Colors denote different reheating temperatures,
namely Tru = 10'? GeV (solid blue), Trr = 10° GeV (dot-
ted orange), Trr = 10% GeV (dashed green) and Ty = 1071
GeV (dashed-dotted purple). We fix Hi,; = 10! GeV. The
gray regions are excluded by super-radiance limits, while the
yellow bands by eq. (37), see text for details. The black cross
denotes the mass m ~ 2x 107'* GeV for which Bunch-Davies
initial conditions can produce all the DM.

change. Since (k3/272)nk|Bunch-Davies ~ k2 for k < k,
and decreases afterwards (see discussion after eq. (29)),
the peak will remain at k,, as seen from fig. 2. The ther-
mal distribution stops being relevant for masses that sat-
isfy ke 2 T.

Moving on to fig.3, we show the spin-1 abundance
curves corresponding to the total DM today in the pa-
rameter space of mass and initial temperature. The dif-
ferent curves correspond to different reheating tempera-
tures Try for a fixed Hiye = 102 GeV. We distinguish
between two regimes: high and low reheating tempera-
tures. In the former case (Tky = 102 GeV, solid blue,
and Trg = 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 over-production of DM. The approximate
constant behavior follows from

di £°

3 2
:m/%kW“mm (35)

k  2n?

T
x Q | Bunch-Davies7 >
ko

where Q|Bunch-Davies 18 the abundance for Bunch—Davies
initial conditions. In the equation above, we have just
considered the contribution from the “stimulated pro-
duction” term, used that the integral is dominated for
k ~ k, and assumed T >> k,. For small masses, i.e.



when H = m happens during radiation domination,
Q|Bunch-Davies/kx ~ v/m/y/m = constant, see egs. (30)
and (31), explaining why € 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 Try = 102 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 reheat-
ing, the usual GPP with Bunch-Davies initial condi-
tions 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. Fol-
lowing a similar estimate from eq.(35) but for masses
that cross the threshold H = m during reheating, we
find Q o« QBunch-DaviesT/kx ~ T/m'/? —see eq. (32)-
, which correctly describes fig.3. Furthermore, since
T/k, ~ Té{f 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 (k®/272)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, pi.¢, 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 k, exits the horizon, i.e.
pom (@i = i/ Hing) < ping:

k, 1 7274
a; = = —
ppM Hoe)  al 30

The equation above can be recast as

< pint = SMEH?2,. (36)

1

3v10 Mp
aeHinf ™ Hinf

-~ k*/aeHinf 1013 GeV
o 1073 Hinf ’

Of course, if the complete dynamics leading to the ther-
mal bath is specified, the energy density of the bath
can be followed precisely and the condition ppy < pint
must be imposed in such a way that CMB physics is

T ks
<
aeHinf

(37)

not spoiled. In fig.3 we highlight in yellow the band
around the curves where the constraint on the initial en-
ergy density described in eq.(37) is violated. We no-
tice that most of the low mass regime is excluded by
this bound, while for very low reheating, for instance
Tru = 107! GeV, all points are disfavored. In gray we
include bounds from super-radiance [67-70]. This phe-
nomenon consists in the exponential growth of the occu-
pation 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 isocurvature and Lyman-
a bounds. We argue in app. D, however, that they will
not exclude any portion of the parameter space shown in
fig. 3.

Our results show concretely that ¢) non Bunch-Davies
initial conditions can have a huge impact on the outcome
of GPP for relics and, regarding DM production, i) we
can obtain the correct present abundance in a large range
of previously excluded masses. For the choice of param-
eters shown in fig. 3 we see that, depending on Tgry, we
can obtain the correct abundance with masses that go
from m < 10717 GeV up to m < Hiy, while setting
Bunch-Davies initial conditions would select the value
m ~ 107'3 GeV. This proves that precise knowledge of
the initial conditions can be critical in predicting the cor-
rect 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 ap-
proach holds for any generic initial conditions that satisfy
basic requirements such as integrability and having a suf-
ficiently 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.

B. Two-stage inflationary dynamics

In this section we take an alternative viewpoint, and we
ask what happens when inflation is non-standard, 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 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 non-
standard 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 interme-
diate phase — typically either radiation or matter domina-
tion — 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
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FIG. 4. Comoving horizon for a two-stage inflation with an in-
termediate 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 wave-
length 1/am. See text for details.

go”, i.e. in a single stage of quasi dS expansion lasting
the usual 60 e-folds. What is important is that the pe-
riod in which CMB anisotropies are generated lasts for
10—15 e-folds in order for this scenario to produce the ob-
served spectrum. The remaining evolution can consists
of dS “bursts” with periods of radiation/matter domi-
nation in between, provided 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 corre-
spond 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 dom-
ination phase lasting Ngg e-folds. Qualitatively similar
results would follow for other types of intermediate evo-
lution. The transition between the first stage of quasi dS
and radiation phases happens at aga, while the transi-
tion between the radiation and the second stage of infla-
tion happens at aqr. The values of the scale factors aqa
and aqr each define a characteristic comoving momen-
tum scale, kqa and kar, respectively (see fig.4). We sup-
pose koup < kar, 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; (“d—A) = Hj e 2Nan (38)
adR

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:

10

o k, < kar (light masses), for which

3o SeevVE Hi)’ [Hy
m

na’ ~ 39
o2 (39)
The particle spectrum has a unique peak at k;
® kar < ki < kaa (intermediate masses), for which

3 2 3/2
na® ~ 7(% He Hy) (adR) He (HI) . (40)
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The particle spectrum has a unique peak at kgr;

® kap < k. (large masses), for which

na® ~ M He . (41)
872 m

The particle spectrum has two peaks, one at kgr
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 kqr dominates, the expression for the comoving
number density is well approximated by eq. (40).

More details about the particle spectrum are given in
app. C.

The abundance can now be computed as in eq. (31)
identifying Hi,s with the Hubble at the end of inflation,
H.:

Qvector ~ TRH He ? ﬁ TLQS/(CLeHe)S

QCDM T\ 109 GeV 1012 GeV He 10-5 '

(12)
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 hori-
zon either during the first or second dS periods and then
re-enters only after inflation has ended. This is what
happens also in the usual computation with a single in-
flationary stage. On the contrary, when kqr < ki < kqa,
the peak is at kqr, causing a deformation of the spec-
trum and a quite different expression for the final energy
density. We will show the numerical results for the spec-
trum later. If we want to compare eqs. (39)-(11) with
eq. (30), we need to decide how the Hubble parameter
Hiys of single-stage inflation used in the standard com-
putation compares with H, and Hy. If Hiys = 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 im-
portant modes spend more time outside the horizon. On
the contrary, identifying Hins = Hj, then the dominant
modes spend less time outside the horizon and gravita-
tional 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 sat-
isfy kcvp < 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(ae./aqr) men-
tioned 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(ae/aqr) and Ngr we consider, also roughly corre-
sponds to the Hubble at CMB scales) and H, the Hubble
at the end of inflation. We then relate H; and H, cor-
recting eq. (38) to H, = Hyexp(—2Ngr — 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 spec-
trum (k3/27%)ny/(a.H.)? as a function of the normal-
ized comoving momentum k/(a.H,), for m = 10729 GeV
(left panel) and m = 103 GeV (right panel), with fixed
log(ae/aqr) = 20 and varying Nggr according to the color
code. The dashed black curve corresponds to the scenario
with H, = H; (or equivalently Ngr = 0) correspond-
ing to the usual single-stage inflationary dynamics with
Hif = H., and for each H. the reheating temperature
is set to its maximum value g, (TH3) T34 /90ME =
HZ2. We show through the colored stars, circles and dia-
monds the respective values of k4, kqr and kg, respec-
tively. Furthermore, notice that both spectrum and co-
moving momentum are normalized with respect to the
Hubble parameter of the second stage, which is the ap-
propriate normalization required to compute the final
abundance (42).

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
(left plot) for which ky, < kgr,kan, and a very large
value m = 10% GeV that satisfies the opposite relation
ky > kqr,kar. In the left plot (low mass), as antici-
pated, we observe that the peak of the spectrum remains
at k. For comoving momenta k > kgqa the spectrum
converges to the case Ngr — 0, while for & < kqr it has
the exact same shape, but shifted above as the modes
evolve for a longer time. These feature can be read di-
rectly from the analytical estimates presented in app. C,
in particular the peak value of the spectrum changes as
(k3/27r2)nk|k:k*/(aeHe)3 = (HI/HE)3/2 V HI/m7 thus
for lower H, (higher Ngr), the higher the peak is. The
most interesting feature comes for modes with kqr < k <
kaa, which arrive at the beginning of the second stage of
inflation with non Bunch—Davies initial conditions. Here
the spectrum behaves as k~°. Moreover, this part of the
spectrum is oscillating, a feature that appears because
the modes exit, enter and re-exit 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 kqr < k& < kqa and also an in-
crease of the spectrum for k& < kgr, while maintaining
the same slope. However, different from the low-mass
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case, a second peak emerges at kqr (see app. C), which
can surpass the one at k, for sufficiently large Ngr. We
stress once more that the plots, and our discussion, de-
pends strongly on the interpretation H s = H.. Had we
chosen to normalize the spectra to (a.H)?3, identifying
the dashed black line with Hj,¢ = 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 kqa. It is thus convenient
to introduce

2
_ adr
mar = H. ( > ;

Qe

_3H? (a3 (Hi\’

man =55 (42) =3 (3) man
the masses for which k, = kqr and for which the peaks
at kqr and k, give the same contribution to na?, respec-
tively. For simplicity, the expressions are given for instan-
taneous reheating (i.e. setting Hi,y = Hrp in eq. (32)),
but they can be easily generalized. We use kqr = aqr He
and kqpn = aqaH;. As we saw before, when m < mggr
we have a unique peak at k, while, for m > mggr, we
always have at least a peak at kqr. This means that
we can have power injected in the spectrum at rela-
tively small momenta. If this happens at CMB scales,
strong limits from isocurvature perturbations must be
taken into account. Such bounds are avoided requiring
komp < kpeak = min(kqr, k«). A dedicated discussion
can be found in app. 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
Quector = Qcpm as a function of the mass of the vec-
tor 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(ae/aqr) = 20 (solid blue), 25 (dashed orange) and
30 (dotted green), and in solid black the Ngr = 0 case.
This corresponds to the usual case of a single inflationary
stage provided we identify Hi s = H.. For the two-stage
inflationary case, we take H; = 10 GeV. For all choices
of H., we consider instantaneous reheating for simplic-
ity, 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 start slowly decreasing until at some point
they converge to the usual prediction. This behavior can
be easily understood inserting egs. (39)-(41) into eq. (42).
For small masses, Qyector is independent from H,., which
is reflected in the vertical part of the curves in fig. 6.
For intermediate masses, imposing Qvector = 2cpM Te-
quires H; ' oc m~'/2 while, for larger masses, it requires
H:' oc m'/%. This behavior corresponds to the one ob-
served in the figure, in which we also show the values
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FIG. 5. Comoving momentum spectra for a spin-1 relic with a low mass m = 1072° GQeV (m < Mg, left panel) and a high
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FIG. 6. Curves in which Qvector = Qcpm for the two-stage inflationary case in the m — H. (or m — Ngr) parameter space
for log(ae/aqar) = 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 Hins = H.. We also indicate with circles and diamonds the values

of mar and maa, see eq. (43).

of mar (colored circles) and mga (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 pa-
rameters. The same is true also for other possible lim-
its that could be imposed on the parameter space (e.g.
Lyman-« and white noise constraints). A detailed discus-
sion can be found in app. D. Finally, we observe that the
overall effect of the two-stage inflationary scenario is to
allow, given a certain vector mass, to obtain the correct

abundance for different values of the early universe pa-
rameters H, and/or Try, 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 partic-
ular 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 determi-
nation 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)-(18), the quantum mechanical na-
ture 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
non-trivial 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. A general conclusion that can be drawn
from egs. (17)-(18) is that GPP is almost unaffected by
initial conditions for fields whose only break of confor-
mality 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 wavelenght and
the mass becomes important, so that any initial popula-
tion just redshifts away. 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.

To do so, we have chosen two different scenarios, the
first with a thermal initial distribution, remaining ag-
nostic 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 Hj,s and Try 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
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inflationary case, on the other hand, we see from fig. 6
that only masses m = 6 x 1076 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 ob-
tained for values of H, and Try 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 non-trivial initial con-
ditions, but one could systematically list different possi-
bilities 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. Fi-
nally, an aspect to be explored is the inclusion of more
interactions, either among the relics or with SM parti-
cles, that in particular could be the ones responsible for
generating non-trivial initial conditions. 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. I1.

1. Spin-0 field
We start from the action

1
S = / d'zv/ =g {g’“’amoausﬁ -m?@* +ERY?|, (A1)
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k> aH,am cie Cc+
aH > k> am ciaf%(lim) cia%i%
aH > am > k|| cpa~ 3 (WEVISAE) | 345

am > k,aHd / eiijg(")

[ Radiation
eiikn

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 uni-
verse. Matching these solutions allows to compute the num-
ber of gravitationally produced particles in the case of in-
stantaneous reheating. We have defined A§{ = 6 — 1 and
QU = [Tdn'we(n’). We do not present the solution for
am > k,aH in the de Sitter regime because, under our as-
sumptions, this case is never realized. Observe that, during
radiation domination, a”” = 0, so that the solutions are inde-
pendent from &.

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

5= [anaa g )@+ (V02 - mhe|. (a2
where

mg = a*m? — a® <§ - é) R. (A3)

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

P wiop=0, wi=Fk+mk, (A4)

with k& the comoving momentum and ¢, the Fourier
transform of ¢(z), and an Hamiltonian

He [z Vo] (as)
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 m(x) = ¢'(z)
implies that the mode functions must satisfy the normal-
ization condition

URUR — upuy, = i. (A6)
We can now ask ourselves what happens after the Bo-
goliubov transformation of eq.(9) is applied. As ex-
plained in the main text, the commutation relations
[ar, af] = (2m)36®) (k — q) are preserved only if the Bo-
goliubov coefficients satisfy |ax|?—|8k|? = 1. The Bogoli-
ubov coeflicients can be computed explicitly in terms of
uy, and wy, using the orthogonality of mode functions un-
der the (conserved) scalar product of the Klein-Gordon
equation [74]:

B = —i(wy, uf, — ug wy,).

(A7)

ap = —i(wg u™y, —wiu*,),
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This equation allows to compute i, and hence the total
number of particles produced, once we fix the mode func-
tions ug and wg. As in the main text, the most useful
choice for us is to compute wuy as the solution of eq. (4)
with appropriate initial conditions, while the functions
wy can be chosen to select the adiabatic vacuum as in
eq. (11). Notice that computing |3x|? with eq. (A7) gives
the same result obtained comparing egs. (14) and (15),
confirming the consistency of our approaches. Solutions
of eq.(4) are shown in tab.I. They are computed ap-
proximating inflation as a pure de Sitter phase of expan-
sion and taking instantaneous reheating, i.e. inflation
is followed immediately by the usual radiation domina-
tion phase. Using tab.l we can find the transfer func-
tion T'(k,n). 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—Dayvies initial conditions, we can
combine egs. (25), (29) and (A8) to obtain (k3/272)n.
The result scales as k° for k < k, and k=t for k > k,. Ac-
cording to app. D 1, 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]

5= [antsv=g [wu AT, —m|,  (A9)

where e# is the vierbein, defined by 74, = e#e} g, and
the covariant derivative is defined by

1
V= au + §wuabzab7 (A10)

with spin connection given by
= e Ol —hel), (ALY

and X% = [y2,~4%]/4 the generator of Lorentz transfor-
mations in spinor representation. For a FLRW metric in
conformal time, we have
!/
k0 W
a v’

ab _ 0 __
wy =0=w;", w;

(A12)

so that with a field redefinition x = a/%¢) (Weyl rescal-
ing) the fermion action becomes

S = /d?’x dn x(iv°0y — am)x. (A13)
The EoM that follows from this action is simply
(i7°8y — am)x = 0. (A14)



We can now proceed as usual, but at this point, for sim-
plicity, we assume that the fermion is Majorana: we write

dBk T ik-x
E 3 UkA(n)akAe T 4+ vpa(n)aye” ,
A=t1

(A15)
where, as usual, vyy = —iv?u},. Using the Dirac repre-
sentation of the v matrices, the spinor ugy must satisfy
the equation
(A16)

i ufy — - kugy — amugy = 0.

We write ugy = (urrx, urra)’ and decompose UL R as

urkx = TEx(N) i,

Al17
URkA = YA () R, (AL7)

where x) and yg) are simple functions and all the spinor
indices are carried by the helicity eigenvectors hyy, that
satisfy

(o- fﬂ)hk)\ = M. (A18)
The helicity eigenvectors satisfy the identities
h_k,\ = Ek)\hk—ka 0'2 h:'A = ’L'/\hk_,\7 (Alg)

where the phase &) can always be chosen to be &\ =
—Xe"*? with ¢ the azymuthal angle that identifies the
momentum k direction. In terms of the functions xj
and ygx, eq. (A16) becomes

a:;d = —iam Ty — Ak Yk,
/ . . (A20)
Y = 1AM Ypx — TNk Ty,

which can be rewritten as two second order differential
equations:

ng + (W;% + ia'm)xk,\ =0,

(A21)
Yir + (i

—ia'm)yga = 0,

where w? = k? + a®>m?. These are equations of the har-
monic oscillator type, but with intrinsically complex fre-
quency square. Requiring the equal-time anticommuta-
tion relations [x(n, ), 7(n, y)]+ = 16 (x—vy) to be true,
we discover that the mode functions ) and yi) must
satisfy
lzia)? + Jyra|? = (no sum over \). (A22)

We can use eq. (A20) to eliminate yi in favor of zx) and
Z}., obtaining

|2y |2+ wilzpal? +iam(eparih — viaThy) = k2. (A23)
We can now compute the Hamiltonian. In terms of the
field x, the on-shell Hamiltonian is simply given by

H= /d?’xixTx’. (A24)
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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

b &Pk 1 . )
Z 27T o3 2 975 [ak)\ak/\ — QXA

A==%1 (A25)
+ Feaapra—gx + h-C-}>
with functions defined via
Oy = [ + wilzea]? — wf
am (A26)

Fix = % {(%A)Q + wi(mkx)ﬂ’

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 @ — 1. In this case, xr) must be of the
form /Wy, + m/v/2wie” k" to match the usual flat space
normalization for the 4-spinor ugy. With this choice, it
is simple to show that Q; = wi and F; = 0, as expected.

We now turn to the effects of a Bogoliubov transforma-
tion. First of all, we stress again the importance of the
phase &) in eq. ( )), that guarantees the absence of sin-
gularities in the transformation. At the level of spinors
we have

Upx = apups + Br E—kx V—ka,

. A27
D_jx = aU_kx + BE&iaten, (A27)
where the hat denotes the spinors obtained after the Bo-
goliubov transformation. Equivalently, at the level of x
and yx» functions we have

A *
Tixn = apZrx + ABLYpr,

N (A28)

Ukx = kYex — ABrThy-
An explicit form for the Bogoliubov coefficients can be
obtained using the (conserved) scalar product for the
Dirac equation. We obtain

H(WiaTin — TeaYin)
kX ’
H(ZRAThy — Tiadhy)
Br = A -

aE =

(A29)

We observe that the |3x|? obtained squaring eq.(A29)
coincides with the one obtained comparing egs. (14)
and (15).

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

) — dkP

3 (A30)



Uk H de Sitter‘ Radiation
k> aH,am cqpeTihn cypetihn
aH > k> am cla+% ci+coa
al > am > k|| c1 + 2 cia+ c2
Cle—Mnt+62€im,t
am > k,aH / ae—tee—

TABLE II. As in tableI, but for the solution uj of the mode
equation (4) with frequency (A36).

if we define the power spectrum as

(b () = (2m)*8®) (k — ) 2Py (ko). (A31)

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

22
K3
with Qi and F, defined in eq. (7). The solutions to the

equations of motions, as the transfer function, are well
approximated by those of a conformally coupled scalar.

Py(k,n) = Qe (2(N) = V) +F% (C)+c.c., (A32)

3. Spin-1 field

We start from the action [22, 24-30]

S [ dadnat| = Lo g B, Fy — g A, A
- n 499 pvdap g pniv |

2

(A33)
where we take the abelian case F),, = 0,4, — J, A, and
we ignore possible non-minimal couplings to the curva-
ture (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 AY
is non-dynamical and can be integrated out. Decom-
posing the remaining degrees of freedom into transverse
and longitudinal components as Ay = AT + I%Aé , with
k- Al =0, we obtain the two independent actions

dnd3k 1
s = [ SR i~ 4 ) L]

3k 1
SL:/dndk

a2m2
o A
(2m)3 2[k2+a%nﬂ

zw—fwmmﬂ.

(A34)
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 Ay, can be made canonic via the field redefinition

A = @uk and the EoM for u;, read

am

ufl +wiug =0, (A35)
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with squared frequency

k2 a’  3a*m2H?
2 _ 12 2 2
wip = k" +a’m T2t aZm? (asz—I—anZ)'
(A36)

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

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

const k> aH, am
2
T(kn)c{ ol > k> am (A37)
const aH > am >k
a~ ! am >k, aH

where we have maintained only the overall a scaling, av-
eraging 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 |¢)) =

|2):

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

where z(k) is a function of k. The relevant quantities in
egs. (14)-(15) can be directly computed from the defini-
tion above,

(N') = (lajar|2) = |=(k)[?

<Cllcn> = <Z|aka,k|z> — Z(k:)2 (B2)

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

A3k

where each z,(ki,--- , k) is given by

&3k,
(2m)3

ZTL(klv e vkn)|k1a T 7kn>a

n

[T =K.

ti=1

Zn(kla"' 7k7l) =20

2~



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

w=ew (- [ @hEmR). @)

which needs to be finite in order for the state to be well-
defined, implying in |2(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"), (ci*) in
eq. (B2). From these arguments, we conclude that initial
states given by coherent states predict the same abun-
dance as in the Bunch-Davies case.

The same argument does not hold for the thermal and
squeezed states considered in sec. I11, 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 |B;|? is
explicit.

Appendix C: Spectrum for the two-stage
inflationary scenario for spin-1 DM

We present here the power spectrum Py, after the field
has become non-relativistic. We consider directly the
field wug(n), the redefinition of the longitudinal vector
component with canonical kinetic term. As discussed in
sec. [T B, at late times this is related to the particle num-
ber spectrum by (k3/272)ng ~ wpP,. The computation
can be done using the transfer function of eq. (A37). As
in the main text, we have three cases:

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

H% ay, k2
— k <k,
4m2m2a <
H H.)*
(%2716) ky <k < kar
P, = dm*mak (C1)
(adA HI)4 (a’e H€)4 k < k < k_
4m2ma kP R da
(ae He)4
-— k k<k
Am2mak dA S s e
As we see, we expect a unique peak in the spectrum
at ky;
o kar < k. < kqa (intermediate masses): we have
H?a, k?
- k<k
4m2m2a R
H)*H?a,
—(“dA2 1)2 e d kar < k < k.,
P - 4m°m?ak (C2)
“ ) (aaaHr)* (acH.)*!
ke <k<k
4m2moa kb < W< faa
(aeHe)4
- k k< ke
Am2mak A < i<

In this case, there is again a unique peak, but at
kar;
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o kapn < k. (large masses): we obtain

H?a, k?
i k< Far
agn H)* H? ay
Pu = a, H? k? (G3)
TinZa Fan <k <k
a.H.)*
74(71'277160),]{5 k‘dA <k< ke

Here we instead have two peaks, one at kqr and
another one at k,.

Let us now compute explicitly one of the results to il-
lustrate the method. Take, for instance, the spectrum
for small masses (ky < kqr) for modes k < k.. The
mode starts well inside the horizon with Bunch-Davies
initial conditions (i.e. power spectrum k?/47?), 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 constant until we reach ay, at
which point it start decreasing as a~!. We can then write

2
£ (s sk

472 oV a 4m2m2q’
exit

where aéi)it = 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 measure-
ments and from Lyman-« forest data.

1. Isocurvature constraints

In a simplified way, isocurvature perturbations are
those that are not spatially aligned with the inhomo-
geneities of the plasma. These can become sizable for
relics originated from non-thermic 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 , where 0x = dpx/px is the density contrast
and dpx the fluctuations of the energy density px. At
late times, after GPP was completed, the two-point cor-
relation between density fluctuations in position space is
given by [28, 39]

(X(@)X(Z+1)%

A = (0x(D)ox(F+ M)z =2 (X2)2

, (D1)



where the symbol (---)z indicates that the average
is obtained performing the integration over &z, and
(X?%) = (X(Z)X(X))z is the the zero-distance correla-
tor that serves as normalization for the power spectrum.
The contrast power spectrum is obtained after Fourier-
transforming the quantity above:

3 1 o -
83,0 = by [ dcoso [ ap PO ED
X <X2>2 . . p|ﬁik|3

(D2)
where we make use of the definition of the power spec-
trum Px (k) of eq. (20).

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

k 3
AF (k< kpeax) = 2 ( ) : (D3)
peak

independently of the shape of the power spectrum for low
k.

The Planck collaboration has constrained the isocur-
vature power spectrum to be [66]

A7 (kemp) < A, ~8x 107, (D4)
where kcvp =~ 0.05a9 Mpe b ~ (3.2 x 10740 GeV) aq
is the CMB pivot scale, with aqg the scale factor today.
In order to obtain the upper limit above, it is considered
that curvature and isocurvature fluctuations are uncorre-
lated (“axion I” according to ref. [66]), which we assume
to hold in our case (see however refs. [65, 76]). Combin-
ing eqgs. (D3) and (D4), and using entropy density con-
servation to write aj = a390H.m3; /(gxs(T0)m*TruTy)
to write ag in terms of early universe parameters (with
mp1, the reduced Planck mass, Ty the photon temper-
ature today and g.s the number of entropy degrees of
freedom), we obtain the following lower bound on the
peak momentum:

Fpeak > 1 11 4 10754 ( e )2/3 (109Gev)1/3
GeV ™ ' © 1012GeV TRH '
D5)
In the cases discussed in the text for the vector DM par-
ticle, we either have a peak at k., at kgqr or at both
momenta, so that we must take kpeax = min(k,, kar).
When kpeax = ki (usual GPP, thermal initial condi-
tions, two-stage inflation with m < mggr), we can use
eq. (32) to write

Bo o [T He YO (1012 Gev) '
aeHe o He (1013 GGV) ( TRH ) '
(D6
Inserting this value in eq. (D5) we find a lower bound on
the vector mass, which must be combined with the up-
per bound m < mgr. For instance, H, = 10'® GeV and

Try = 102 GeV, masses below 1073° GeV are inconsis-
tent with isocurvature constraints.
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FIG. 7. Lyman-a constraints for the pre-inflationary scenario,
with Tre = Ty and log(ae/aar) = 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 Ngr = 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.

In the opposite case, when kpeax = kar (which applies
to the two-stage inflationary case with m > mggr), we
can use

_ _ (102 aqr H,
de == QdRHe == (10 GeV) Qe ( ) (1012(}6\/) .

Ge

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

e 1 He TRH
log [ %) <404 -1 . (D
o8 (adR) ~ A0+ g log (1012 GeV 109 GeV) (D8)

In the numerical analysis presented in sec. [II B this con-
dition 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. non-relativistic at the onset of
structure formation. One way to probe this is through
the Lyman-« forest, which consist of spectral lines of
quasars and other objects; because the light emitted by
them interact with medium at different redshifts, one ob-
serves several spectral lines corresponding to the same
atomic transition. The Lyman-« forest is thus a probe
of how structures are spread in the universe and, indi-
rectly, of the DM velocity. In particular, a too large DM
velocity is excluded by Lyman-« limits.

We can check if the particles produced via GPP respect
this constraint. Consider the average comoving momen-



tum (k) defined by

f dk kkgnk
<l€> — k 272

- % k3nk ’
k  2m2

(DY)

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

(k)/a

m

(v(a)) : (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 A\pg(a) (see
for instance refs. [38, 77, 78]):

Ars(a) = a/a da’afg(al)> (D11)

H(a')’

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
dn = 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 max-
imum 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
Ars(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 be-
have as warm for scales < O(0.1 Mpc) [78]. This means
that the free-streaming length evaluated today must be
constrained to obey

)\Fs(a = ao) < )\Lya ~ (.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
inflationary case of sec. I B. In the standard case with
N4ar = 0 (dashed black), we see that only for masses
m < 10726 GeV we encounter problems with Lyman-a
bounds (D12), which is also rather insensitive to the pres-
ence of a second phase (colored solid lines). Instead, the
extra phase of radiation domination prior to standard in-
flation actually decreases the mean velocity of the DM,
as it can be seen from the lower panel. In fig. 7 we have
chosen Try = TRi7" for concreteness, but lower reheat-
ing temperatures will not qualitatively change the results
just discussed; the smaller TRy the smaller mgg is, hence
the diminish of the free-streaming scale will be shifted to
lower masses. We therefore conclude that Lyman-« for-
est constraints should not be relevant to the parameter
space shown in fig. 6.

Similarly, we argue that Lyman-a constraints will not
be relevant also for the results presented in sec.lIT A,
when considering an initial thermal distribution. As we
see from the spectrum in eq. (2), the peak of the distri-
bution 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, an-
other relevant lower bound on their mass m < 10728
GeV comes from ref. [79], which exploits the character-
istic white-noise of the density perturbations in order to
constraint 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.
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