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Abstract. The existing predictions of the energy density of gravitational waves produced dur-
ing preheating mostly rely on computer simulations in which the matter field inhomogeneities
essentially behave classically. In this article we follow instead a full quantum treatment of the
process within the in-in formalism. We use this approach to determine the expected density
of the produced gravitational waves and numerically estimate its value in a simple scalar
field model, neglecting backreaction. Particular attention is devoted to the regularization
and renormalization of the divergences that appear in the in-in formalism. We also address
how our approach compares with the conventional calculations used in the literature, and
what elements could be missed in the conventional analyses of gravitational wave production
that rely on numerical simulations. In the cases in which parametric resonance is effective,
our results agree with the predictions expected from numerical simulations, as anticipated.
At sufficiently low values of the resonance parameter, however, numerical simulations fail,
while our approach remains applicable.
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1 Introduction

The first direct detections of gravitational wave radiation by the LIGO and VIRGO collab-
orations [1-6] have opened a new window into our universe. The reach of electromagnetic
radiation is essentially limited to the time of recombination, but the extremely weak in-
teractions of gravitational waves allow them to propagate practically undisturbed since the
early dawn of the Big Bang. Gravitational waves may thus allow us to probe processes that
would remain unreachable otherwise, but for that purpose, it is imperative for quantitatively
accurate predictions of the produced gravitational waves to be available.

A prominent example of such processes is “preheating” [7]. In order for the universe
to transition from inflation to the radiation-dominated epoch of the Big Bang, the inflaton
needs to decay into matter at the end of inflation. Under the appropriate circumstances,
the inflaton to matter couplings responsible for its decay, along with the oscillations of the
inflaton around the minimum of its potential, lead to a stage of parametric amplification of
the matter fields [7-9]. This strong amplification has the potential to source a background



of gravitational waves that according to previous estimates may be detectable today [10, 11].
The literature on gravitational wave backgrounds is very extensive, and we just refer the
reader to the reviews [12, 13] for further details.

Previous analyses of gravitational wave production during preheating go back to the
seminal article by Khlebnikov and Tkachev [14]. In that reference, the authors interpreted
parametric amplification of the matter fields during preheating as the appearance of classical
inhomogeneities, which were then responsible for sourcing gravitational waves according to
FEinstein’s quadrupole formula. Since then, predictions of the expected energy density of
the gravitational waves have relied essentially on lattice codes that simulate the evolution
of these classical inhomogeneities in an expanding universe, and use the equivalent of Ein-
stein’s formula to calculate the gravitational wave spectrum [15-18]. One advantage of such
approaches is that the backreaction of the matter fields on the evolution of the inflaton is
readily taken into account.

Yet the matter fields responsible for the generation of the gravitational waves during
preheating do not begin in a classical state, but are assumed to be instead in the in vacuum.
The justification for a classical analysis rests on the heuristic argument that parametric res-
onance can be interpreted as the production of large number of particles, and that modes
with large occupation numbers essentially behave like classical waves [7, 14]. The author is
unaware of any rigorous proof of such claims, and even if they did apply, we would certainly
expect the classical approximation to fail as one begins to probe parameters for which para-
metric resonance is ineffective. Part of the motivation of our study is to assess the regime in
which the classical approximation is appropriate. In particular, to the extent that a classical
treatment of gravitational production is supposed to be just an approximation, the question
arises as to what it is exactly that one is trying to approximate.

As we shall discuss, the spectral energy density of gravitational waves is proportional
to the square of their amplitudes. Hence, one could argue that previous analyses are just
trying to estimate the power spectrum of the sourced gravitational waves. Our main thesis
is that the “exact” expected power spectrum ought to be computed using the now standard
in-in formalism [19]. In that sense, gravitational wave production during preheating is con-
ceptionally identical to that of gravitational wave production during inflation, or that of the
generation of primordial scalar perturbations. The only difference is that, whereas the latter
just require the evaluation of a tree-level diagram, the former involves a one-loop diagram in
which the matter fields that undergo parametric amplification run inside the loop (see fig-
ure 2.) The two cubic vertices that appear in such a diagram just capture that gravitational
waves are sourced by the energy-momentum tensor, which is quadratic in the matter field
at lowest order. For simplicity we do not take into account the backreaction of the matter
fields on the evolution of the inflaton, although it ought to be possible to include it within
the in-in formalism.

Our analysis not only presents then an alternative and arguably simpler way of comput-
ing the predicted spectral density of gravitational waves when backreaction is unimportant,
but perhaps more importantly, offers a well-defined framework to deal with the ultraviolet
divergences that appear in both kinds of approaches. Without a proper treatment of such
divergencies, it is not possible to extract sensible predictions from the underlying theory, or
to relate its predictions to properly renormalized parameters in the action of the theory.



2 Framework

We are going to study gravity coupled to an inflaton field ¢ that decays into a scalar x at
the end of inflation,

S = /d%\ﬁ—g M—I%R _ 1 ) — Ly YOty — 1m2¢2 - 1M2><2 - 5¢2x2 (2.1)
2 2 H 2 M 2 27X 2 ' '

For simplicity we consider a renormalizable quartic coupling between the inflaton and the
scalar x, although our treatment could be easily extended to a cubic coupling ¢x?, or even to
derivative interactions. The inflaton potential does not need to remain quadratic throughout
field space, but only in the vicinity of its minimum at ¢ = 0. We are framing our analysis in
the context of preheating after inflation, although our results ought to apply as well to any
scenario in which an appropriately coupled massive scalar oscillates at the minimum of its
quadratic potential.

Gravitational waves are represented by transverse and traceless metric perturbations
hi;(t, &) of the background Friedman-Robertson-Walker metric,

ds* = a?(t) [—dt2 + (045 + hij)dxidxj] . (2.2)

Note that the time coordinate t is conformal time, in spite of the unusual label. It shall
prove useful to decompose these metric perturbations into components that do not mix
under translations and rotations,

his(t, 7) = jv S ho(t, Qi (P, (2.3)
7,0

where the @Q;; are appropriate polarization tensors (see appendix A). Under spatial trans-
lations by an amount f, he(t,P) changes by a phase factor e T, and under a rotation by
an angle # about the p axis it changes by e ?. We work in a universe of finite volume
V = L? and impose periodic boundary conditions on all the fields. Hence, the sum in equa-
tion (2.3) runs over modes with p'= Q%ﬁ, where 7 € Z3, and over the two possible helicities

of a gravitational wave, 0 = £2. The reality of the metric (and hence h;;) implies that
he(t,p) = hE(t, —p).

2.1 Couplings to matter

In order to compute the spectrum of gravitational waves produced during preheating, we
need to determine how gravitational waves couple to matter. As we shall see, at next to
leading order in an expansion in M L it suffices to consider couplings linear and quadratic
in the graviton. At this order the interaction part of the action is

si=— [y mh = [t Y [STRholt ) + S5 (Dot o], (20
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where we have restricted the couplings quadratic in h, to those with opposite momenta, which
are the only ones we shall need. The last equation implies that the source term Sy (¢, p) is

i 55 m
ST(t,p) = Sho(t,—p)
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where the 7% are the spatial components of the energy-momentum tensor of matter in the
background spacetime. Hence, as expected, the source of linearized gravity is the energy-
momentum tensor. Restricting our attention to that of the matter field x we find

2
o Qa — - — e
ST(L9) =~ 3 R R R 3 () X N0 05, (2.6)
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where we have also expanded the matter fields in Fourier modes,
. 1 | o
x(t,T) = WZX(t’ ket = WZX;;(t)elkxy (2.7)

and the polarization vectors ¢ are those in appendix A. Note that only the gradient terms
in the energy-momentum tensor source gravitational waves and that the Kronecker delta
enforces momentum conservation. The coupling quadratic in gravitational waves is

2
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where an overdot denotes a derivative with respect to conformal time ¢, and we have intro-
duced the effective squared mass
m§ = M? + A¢. (2.9)

We denote the background value of the inflaton by ¢.

2.2 Energy density of gravitational waves

Following Isaacson [20] we define the energy density of gravitational waves to be

MP ; i . Mz 1 . )
= 4a2 %:hij(tyﬂﬁ)hij(t,x) R~ ETang /dt Zhg(t,p)ha(t, —p), (2.10)

avg

where we have neglected derivatives of the scale factor (a good approximation in the short-
wavelength limit), and [].y, indicates an average over a sufficiently large spacetime region
of comoving size TyyeVavg. To express the energy density in Fourier space, we have used
equation (2.3) and assumed that the spatial volume of the region over which we average
approaches the size of the finite universe, Vo — V. In that case, the spatial average picks
up Fourier components of opposite momenta.

Our theories do not allow us to directly predict the energy density of gravitational
waves in our particular universe, but, instead, they make statements about the average
energy density across an appropriate ensemble of universes. In the quantum theory, the
latter simplifies if we use that at short wavelengths the time derivative of a gravitational
wave is proportional to w, = p. Hence, the expected energy density in gravitational waves is

(p) z/dp dip) — _dip) Z avg/dt (t, o (t, —F)), (2.11)

p dlogp dlogp 8 (12

where () denotes quantum-mechanical expectation, we have introduced the spectral density
dp/dlogp, and approximated the mode sum by an integral. The time interval of the average



Tavg in equation (2.11) is set to be several times the frequency of the wave in the domain
of interest, pTye > 1. Typically, predictions of the energy density of gravitational waves
are cast in terms of the fraction of the critical density, the so-called density parameter Qqyy,
which in terms of the spectral density becomes

1 dip)

—_—— 2.12
3MZH? dlogp’ (2.12)

Qaw(p) =
where H is Hubble’s constant at the time of interest.

3 Gravitational wave production in the in-in formalism

Equation (2.11) implies that in order to determine the energy density of gravitational waves
all we need to compute is the gravitational wave power spectrum

Po(tvﬁ) = <h0(t’ﬁ)ha(ta *ﬁ»v (3'1)

where the operators hy(t,p) are in the Heisenberg picture. In the in-in formalism [19], the
expectation value (3.1) can be expanded in different powers of the interaction. At zeroth
order the power spectrum is of order MISQ, because the properly normalized mode functions
of the graviton are proportional to M, . (see below.) The leading correction is then of order
M1§4, and arises from terms with at most two interaction vertices,

Py (t,5) = {ho (t, 905 (2, ) / dtl/ dty (M (00 ho (1, )5 (1, PYHS (1))
/dtl/ dty (ho (t, Y12 (8, YR (1) H Y (1)) /dtl/ diy (HD (E) M1 (80 ho (¢, PYRE (¢, )
/ dit (ho (1, 7)1 (6, YHD (0) + i / 4 (2 (B2 (1, )R (1, ) (3.2)

In this equation, all operators are in the interaction picture, that is, evolve like free fields.
The time contours need to be chosen to project the vacuum of the free theory into that of
the interacting theory in the asymptotic past. This is why we label the integration variables
for in the expansions of (0|U;(t)" and Uy (¢)|0) differently [21].

The first term on the right hand side of equation (3.2) captures the vacuum fluctuations
of the free gravitational field. It does not contain any information on the evolution of matter
during preheating, so it does not reflect their production after inflation. We shall thus
ignore this term during most of our analysis, although measurements may be actually able to
distinguish this tree-level contribution from the rest because of their different dependence on
the momentum p. The remaining terms give rise to the Feynman diagrams shown in figures 1
and 2, and do depend on the evolution of the matter fields. These are the contributions that
capture the production of gravitational waves by the amplified matter fields. Although we
have derived equation (3.2) within the Hamiltonian formalism, the same expression would
follow from the path integral. We will implicitly resort to the latter when renormalization
forces us to introduce counterterms with derivatives of the metric fields.

3.1 Disconnected component

We shall begin our analysis by studying the disconnected component of the power spectrum,
which is represented by the Feynman diagram in figure 1. From equation (3.2), or by direct



Figure 1. Disconnected corrections to the power spectrum of gravitational waves in the in-in
formalism. Wavy and solid lines respectively represent gravitons and matter fields. Recall that each
vertex is of the two possible types “L” or “R”.

calculation of the expectation of h, we find

t t
{hoy (¢, 91)) (hoy (L, D2)) = / dtl/ dty Dy, (t511) Dot (£512) (ST (11, 91)) (ST (t2, 72), (3.3)
where Dfp is the retarded Green’s function of the gravitational waves,

Dgp(tl,tg) =i 0(t1 — t2) ([ho(t1, D), ho(ta, —P)]) . (3.4)

The right hand side of equation (3.3) is precisely the expression we would use to calculate
energy density of gravitational waves in linearized semiclassical gravity, in which the energy-
momentum tensor is replaced by its expectation value. Since S is quadratic in the matter
fields, its expectation (SY) does not necessarily vanish, even in the vacuum. But translational
invariance does demand that (S{(t1,p)) o 5, which implies that the right hand side of
equation (3.3) is proportional to two Kronecker deltas, dz 5. In that case one cannot
properly speak of gravitational waves, because the corresponding metric perturbations are
spatially constant. A spatially constant expectation of the metric perturbations effectively
amounts instead to a shift in the scale factor.

A non-vanishing disconnected component in the spectrum of gravitational waves at non-
zero momenta can only appear if translational invariance is somehow broken, say, if the state
of matter describes a non-zero number of quanta of definite momenta. Although translational
invariance is broken in our realization of our universe (or so it seems), it is certainly not broken
in the ensemble, because the vacuum state of the perturbations is invariant under translations,
and so is the Hamiltonian (this follows from the invariance of the background under the same
transformations.) Translational invariance can be broken only if a measurement causes the
vacuum state of the fields to be projected onto a non-invariant state. In the absence of such a
measurement, it is worthwhile emphasizing that no matter how effective parametric resonance
is, it cannot change the fact that both the vacuum state and the interaction Hamiltonian are
invariant under translations. For this reason, we do not expect the disconnected component
to contribute to the spectrum of gravitational waves produced during preheating.

3.2 Connected component

Just as translational invariance implies that the correlation (he, (t,p1)he, (t,P2)) is propor-
tional to 6z, _p,, rotational invariance implies that the latter has to be proportional to d4, o, .
Moreover, invariance under parity implies that

(hya(t, pr)ha(t, p2)) = (h—2(t, p1)h—2(t, P2)) , (3.5)



Figure 2. Connected corrections to the power spectrum of gravitational waves in the in-in formalism
at order M 4. Wavy and solid lines respectively represent gravitons and matter fields. Recall that
each vertex is of two possible types, “L” or “R”.

Therefore, the energy density of gravitational waves is the sum of the two equal energy
densities in each helicity state. In the following, we hence choose o = +2 and drop the explicit
reference to the helicity in all our formulas, hz(t) = hi2(t,p). This choice is inconsequential,
as the 0 = —2 helicity behaves exactly the same way.

In order to calculate the connected component of the power spectrum (3.1) it shall prove
useful to split it into different contributions, according to the combination of vertex types
they contain,

Pyo(t,p) = Prr + PLr + Pri. (3.6a)

The factor Prr, captures the contributions from the two diagrams in figure 2 that only involve
“L” vertices, that is, those terms in equation (3.2) in which the interaction H; appears to
the left of the product of free fields h(t, p)h(t,—p). The factor Pgrr captures the ones that
only involve “R” vertices, that is, those terms in which the interaction appears to the right
of h(t,p)h(t,—p). And finally, Prr contains those in which one interaction vertex appears to
the left, and one to the right of the product. Substituting equations (2.6) and (2.8) into (3.2)
we hence obtain

1 t t1 )
Prp = FTEESE [—/ dtl/ dtg/d%a%a% k*sin 0D, (t;t1) Dy (t; ta)Gr(t1; t2)Gy(t1; ta)
t
+i/ dtya3 D2(t; tl)/d3k
X { (m2a? + (1 — sin20)k2) Gyt tr) — (X(tn, B)¥ (1, —/2)>}], (3.6b)
1 ff _ t
Prp=——
LR 4(%)3/ dtl/ dtq
X /dgka2(£1)a2(t1)k4sin49D;<t;El)Dp(t;tl)Gk(El;tl)Gq(t_l;tl), (3.6C)
Prr = Php, (3.6d)

where ¢ = p — E, 0 is the angle between k and p, and we have introduced the correlation
functions

Dy(t;t2) = (h(tr, Ph(ta, —5)) s Grl(tista) = (x(tr, k)x(t2, —F)). (3.7)



Because of rotational invariance, the latter only depend on the magnitude of the vectors p
and k.

3.3 Mode functions

In order to quantize the theory and determine the correlators (3.7) we expand the fields into
creation and annihilation operators as usual,

Xi(t) = agwi(t) + aT_E wi(t), ha(t) = ayuy(t) + aT_ﬁu;(t). (3.8)
It is then convenient to introduce the rescaled mode functions
Wy, = awy, Up = aup, (3.9
which obey the mode equations
Wy, + <k2 + ma® — Z) W =0, 1+ (p2 — Z) i, = 0, (3.10)

subject to the normalization conditions wyw} — wyw} = (M%/4)(ﬂpﬁ; — ﬂpﬂ;) = i. In the
regime in which the squared frequencies inside the parenthesis of equation (3.10) are slowly
varying, the mode functions wj, and u, can be expressed in WKB form, with time-dependent
frequencies that at leading order in the adiabatic expansion are

t
uz(t) = QMPFGXP ( H dt1> Hy=p+--- (3.11a)

1 .
wi(t) = G\/Tmexp (—z \ Wi, dt1> , Wi = \/k%2+mia? + - . (3.11b)

We expect these approximate solutions to hold when the modes of interest are well within
the horizon. The appearance of the normalization factor M;l in the graviton mode func-
tions implies that their propagator is of order M 2. which is why all the contributions in
equation (3.6) are of order Mp*.

Note that the effective mass of the matter field x in equation (2.9) depends on the back-
ground value of the inflaton. We assume that the background inflaton and the background
metric obey the equations of motion

6+ 2Ho +mia>p =0, H?=

2 272
— m a 3.12
6M 2 (¢ ¢ > ( )
where H = a/a. Hence, our current approach does not take into account the backreaction of
the matter fields on the evolution of the inflaton, nor the backreaction on the evolution of
the metric.

4 Regularization and renormalization

It is quite obvious that the diagrams whose contribution are given by P, Prr and Pgrp in
equations (3.6) are divergent and thus require regularization and renormalization. Say, if we
impose a sharp cutoff at spatial momenta k& = A , the leading contribution to Prgr in the

ultraviolet is
k*sin* 6

t
PRRN/ dtlDz(t;tl)/d:”kk:g, (4.1)



which grows with the fourth power of the cutoff. In arriving at this expression we have made
the short-wavelength approximation W =~ k, integrated by parts over to, and assumed that
the time variable has a small imaginary component, ¢ — (1 —ie)t. This slight clockwise tilt of
the integration contour eliminates the contribution of the asymptotic past to the time integral
(a detailed calculation follows below.) It is clear from the structure of equation (4.1) that
the origin of the ultraviolet divergence lies in the k* factor in the integrand, which originates
from the derivative interaction between gravitons and matter fields in equation (2.6).

Yet a cutoff is not the appropriate way to regularize the integral. Since our starting point
is a generally covariant theory, it is important that the regularization preserve diffeomorphism
invariance. As emphasized in [22], in the context of cosmological perturbation theory dimen-
sional regularization is not particularly convenient either, specially when the mode functions
of the matter fields are not explicitly known. We shall follow instead a generally covariant
implementation of Pauli-Villars [23]. A similar method was also proposed in a cosmological
context in [22]. The idea is to introduce a set of N minimally coupled scalar matter regulator
fields x, (r =1,...,N) of mass m, and Grassmann parity o,. Fields of even parity, o, = 1,
are bosonic, and fields of odd parity, o, = —1, are fermionic. Strictly speaking, the non-
triviality of the action for the Grassmann-odd fields demands that the latter appear in pairs,
xr and ¥, although for notational simplicity we shall not make this explicit. What matters
is that loop contributions from the Grassmann-odd fields have the opposite sign as their
bosonic counterparts. In that sense, the latter resemble the Faddeev-Popov ghosts of gauge
theories though their purpose here is to cancel the divergences that appear in the ultraviolet.
After this has been accomplished, we shall decouple the regulators by taking their masses to
infinity. The removal of the regulators renormalizes the coefficients of the appropriate terms
in the action. The reader may want to skip what remains of this slightly technical section and
jump directly to subsection 4.3, which quickly summarizes the relevant results of what follows.

4.1 Renormalization of Prpr

We begin our discussion with the regularization of Prp, equation (3.6b). It turns out that
only Prr contributes to the effective energy density of the gravitational waves, but the
renormalization of Prr will help us to set the stage for the renormalization of the former.

Because, by construction, the regulator fields couple to gravity like the original matter
field x = xo, they can also run in the matter loop of figure 2. Their contribution to the
two-point function of gravitational waves parallels that of xg, the only difference being that
fermionic loops are proportional to an additional minus sign,

N

Prr=)Y o { EmE /dgkk4s1n 9/dt1/ dtz ata3 Dy(t;t1) Dy(t; t2) G (t1: t2) Gl (t1; t2)

=0
+ 4(2;)3/dt1a%D}2,(t; tl)
X /dgk[ (m al + k2 2k2 sin 9) GZ (tl, tl) <Xi(t1; E)Xi(tla —E))] } (4.2)

The correlator of the i-th regulator field is denoted by G (t1;t2) = (x:(t1, P)xi(t2, —p)), and
we have switched the order of integration.

The values of the masses m; are dictated by the requirement that the sum in (4.2) be
finite. We shall introduce a cutoff at spatial momenta k = A first, and then determine under
what conditions the mode integral converges as A — oo. To estimate how a given integrand



depends on the momentum cutoff we shall consider an adiabatic expansion in the number of
time derivatives. We begin by noting that the frequency Wy in the mode functions (3.11b)
has the adiabatic expansion

3 w2 1 d o
Bk 8 wz 2w a 4w,% * k Fammi (43)

where we have omitted terms with four or more derivatives. In the limit of large k the time
integral over t3 in equation (4.2) itself can be expanded adiabatically by repeated integration
by parts,

N n
=i [ Wit)dts ¢y y _ o= fod Wilts)dts 1 d f(t1) il
_oodtge 0 f(ta) = e "o T;] RTATRYTS A (4.4)

_/t1 dth—f:ng(tg)dtgi 1 d N )
- dto \ iWy(t2) dts —iWi(t2) )’

t1

where we have used that the boundary terms in the asymptotic past vanish (because of the ie
prescription.) Since each time derivative is accompanied by a factor of W, L'~ k, each one re-
duces the degree of divergence of the mode integral by one, so we just need to consider a finite
number of derivatives to find the divergent pieces of the integral. The dependence of the mode
integral on the cutoff can be determined now by expanding the frequencies w, in powers of p,

~
~

1 1 kpcosf  p?(k® — 3k?cos? 0 + a®>m?)
i 1 i2 )4 T
(wy) 2(wy,)

Again, each additional power of p is accompanied by a factor 1/wy, which lowers the degree
of divergence of the mode integral by one. Since [ df sin® § cos™ @ vanishes for odd n, only
quadratic terms in p effectively appear in the expansion. The ensuing integrals then contain
linear combinations of integrands of the generic form k™ /(wy)?™, which in the limit A — oo

(4.5)

i 7
Wg Wy

approach
A1+n—2m 2 2An—2m—1
A kn —maml + - 1+n—2m7é0,
/dk - e — 1+nA—2m n—2m-—1
0 (k? + a*mg) log + O(AY), 1+n—2m=0.
am;
(4.6)
At zeroth order in time derivatives we thus find
iul(t) t 11p? — 98a*m?
pO - @ / diy ur?|3A% ¢ T IO o 47
RE = 7 40(2n)2 Z e * 42 (47)

A

Y

_ pt+10p*mla® — 30atm} log 2A N 192p* + 1570p?a®*m? — 2415a*m Lo 1
12 am; 2520

where all time-dependent functions in the integrand (including m?) are evaluated at time
t1. Cancellation of the quartic, quadratic and logarithmic cutoff-dependent terms in equa-
tion (4.7) hence requires that

Y oi=0, Y oiM}=0, > oiM}=0, (4.8)

~10 -
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Figure 3. Insertion of a quadratic counterterm needed to renormalize the power spectrum of gravi-
tational waves. Here the vertex can also be of two types: “L” and “R".

where we have assumed that the regulator fields couple to the inflaton just like the original
field, m? = Mf + A¢@?. We shall decouple the regulator fields by sending their masses M, to
infinity. The cancellation of the ultraviolet divergences survives in this limit, but the presence
of the logarithmic factors implies that the dependence on the masses M, persists and does
not remain finite as the regulators are removed. These new divergences need to be renormal-
ized by introducing appropriate counterterms, as we shall discuss below. This is a reflection
of the conventional lore of low-energy effective field theory, namely, that the physics at high
scales (the regulators) only affects low-energy observables through the renormalization of the
appropriate operators in the low-energy theory [24].

We proceed next to higher orders in the expansion in time derivatives. At one time
derivative, the leading divergences are cubic and linear in the cutoff, with no logarithmic
divergence,

PO _ u2(t) S, /td , _u;a;A3+56a2(7-[m?+m7;m7;)u;2+(13p2+56a2m?)u;u;§A
RR_12(27T)2 - v 1 15 140

96a° (Hm +mirng)us+9p®a(Hm; + 1 )us?+(18p®am,+64a>my ) usis
- 25671

(). o

t1

Note the presence of a time derivative of m; in the linearly divergent term; it can be eliminated
upon integration by parts, which renders the integral convergent as A — oo, provided that
conditions (4.8) are satisfied. But inspection of the O(A°) term in the integrand also reveals
pieces that would diverge as the regulator masses M, are sent to infinity. Because none of
these terms is proportional to a power of the cutoff A, the only condition on their sum is that
it remain finite in the limit M, — oo. To determine the finite remainder we would presumably
need to impose additional renormalization conditions, but since there is no counterterm with
a single time derivative acting on the metric, its value remains ambiguous in this approach.
On the other hand, if we had used dimensional regularization to render integrals of the
form (4.6) finite, we would have set

)1+n—2mr (HTn) (_ L4+n— 2m> . (410)

o] k;TL
dk—
/0 2+ amgym (@M 5T (m) >

Because the gamma function has poles only at negative integer values of its argument, odd
positive powers of amgy would be proportional to the same finite coefficient in Pauli-Villars
regularization if we impose the additional conditions

Y oM, =0, > o.M =0. (4.11)

Even powers of amg would be multiplied with divergent coefficients as the limit of spatial
dimensions approaches three, and would require renormalization as before.
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The terms in the adiabatic expansion of equation (4.2) that contain two time derivatives

are
.9 ¢
2) i ug(t) 2 %2 Y %2 ok 2
= o [ o ) e
+ {5 (pQ(H2 +H) — 2a>m2(H? + 2H) — 4a®(Hmgrn; + m? + mzmz)) U;Z
2A 1
—10a? (Hmf + M) lus — (p2 + 5a2m?) u;u;} log p +0 <A> ,
t1

where, for simplicity, we have omitted the terms of order AY, which vanish because of condi-
tions (4.8), (4.11), or because the regulator masses approach infinity. Again, the first equation
in (4.8) guarantees a finite limit as A — oo, but a logarithmic dependence on the regulator
masses M, survives the cancellation as the regulators are removed. Along the same lines
we would find that there are no logarithmic divergences within the terms in Prr containing
three time derivatives, and that those with four derivatives diverge logarithmically with the
cutoff (and the regulator masses.)

The logarithmic dependence on M, that signals the impact at low momenta of the
physics at much higher scales can be reabsorbed into appropriate low-energy renormalized
parameters. Inspection of the logarithmic divergences in equations (4.7) and (4.12) reveals
that the counterterms need to be operators with up to four derivatives of the metric. Since
our regularization respects diffeomorphism invariance, the former have to be of the form

S, = /d41‘\/ —g [Co + coR + C4QR2 + C4bRw,R/W] , (4.13)

where we have used that in four spacetime dimensions the most general dimension four
curvature invariant is a linear combination of R?* and R, R*”. Noting that the expansion of
the counterterm proportional to ¢y to quadratic order in the tensor modes is

1
/d%; —g=-7 dta‘*Zhﬁh,ﬁJr o(h?), (4.14)
p

and comparing the latter with equation (4.7) we realize that the term proportional to
at > aimf logm; can be canceled by a single insertion of an “R” vertex proportional to
o, as in figure 3. In order to cancel the dependence on the regulator masses, the countert-
erm coefficient has to be

1 2 2\ 2 .
co= W gar (Mr + Ao ) log M, + finite, (4.15)

which amounts to a renormalization of the cosmological constant and the inflaton potential.
It is certainly not a coincidence that the ¢-dependent piece of this counterterm is precisely
the one needed to cancel the divergences in the effective potential of the inflaton field due to
its couplings to x. As usual, the value of ¢g is determined only up to a finite field-dependent
constant, which needs to be fixed by appropriate renormalization conditions. In appendix C
we discuss an example.

In conjunction with the term proportional to 10 p2m?a2 in equation (4.7), comparison
of equation (4.12) with the expansion of the Einstein-Hilbert action to second order in the
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tensor modes of, say, positive helicity,

2 . . .. . .
/ d*z\/gR > / dt% > [—3hﬁh_ﬁ — dhsh_5— 12Hhzh_5— (6H* + 6H + p*)hsh_z|
P

(4.16)
allows us to find the regulator-dependent piece of the counterterm proportional to the Ricci
scalar R,

1 2 2 .

Co=———— or (M7 + Xp~) log M, + finite. 4.17
Thus, radiative corrections force us to introduce not only an Einstein-Hilbert term into the
action, but also a non-minimal coupling of the inflaton to gravity. Note that the radiative
corrections we have considered arise only from the couplings of matter to gravity, and do not
depend on the dynamics of gravity itself; the only assumption that does enter our analysis

is that gravitational waves can be expanded in a set of creation/annihilation operators.
To arrive at the identification of the counterterm (4.17) we have discarded a total time

derivative in PI(%) of the form
(B Wp !
PR = )2 Z o;lo

dtl—{ —2a*Hm?u *2 — 3a*m? Uy, + 20 m2u;2 .

(4.18)
In other words, the log divergent pieces of Prp can be expanded as the sum of bulk and bound-
ary terms, with the bulk contribution to Prr being canceled by the counterterm proportional
to cs. The remaining piece is the boundary term above. Because there is an analogous con-
tribution from the LL diagram, which is just the complex conjugate of Prgr, most of these
boundary terms cancel. There are however two terms that survive, namely, P( ) P( )
3ia®m?|up|? (uptiy — upii,), which happens to involve terms with time derlvatwes of the grav1—
ton mode functions.! Although it may appear strange at first that boundary terms contribute
to the expectation of an observable O, this has been previously noted in the literature [25]. In
fact, it is relatively easy to see that boundary terms matter if they do not commute with O, as
we discuss in appendix B. Below we shall argue that the corresponding logarithmic divergence
can be canceled by a counterterm proportional to the York-Hawking-Gibbons action.

We could proceed to determine the values of ¢4, and cyp, by looking at the terms with
four time derivatives in equation (4.2). But at this point the algebra becomes increasingly
involved, and we shall not need these counterterms anyway. In fact, the structure of the
counterterm Lagrangian (4.13) has been actually known for a long time, at least since ’t
Hooft and Veltman’s work on the one-loop divergences in gravity [26]. Within Pauli-Villars
regularization, in the absence of spacetime boundaries, the required counterterms were dis-
cussed in reference [27]. In the presence of spacetime boundaries, all the analyses known to
the author involve the heat kernel, which also demands the introduction of boundary terms
to fully renormalize the effective action; see reference [28] for a practical review. The point
of our analysis has been to illustrate that we can carry out the regularization and renormal-
ization program in a cosmological background, while preserving diffeomorphism invariance,
using Pauli-Villars regularization. The bulk divergences in the diagram with two RR vertices
are those that would be encountered in the standard in-out calculations, such as those in [26].

!This contribution is proportional to the Wroskian of the graviton mode functions, but since we prefer not
to make any assumptions about the dynamics of gravity at this point, we shall leave it unevaluated.
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These divergences are only sensitive to the short-distance structure of the theory, and thus
do not depend on the actual limits of integration. Although we have restricted our analysis
to the diagrams with R vertices, the same conclusion (and counterterms) would follow from
Prp, which is simply the complex conjugate of Prp.

4.2 Renormalization of Prr

The only remaining contribution to the power spectrum is that of Pr g, which is the only one
we shall actually need. From equation (3.6¢), by including the regulator fields running in the
loop, and inserting an ultraviolet cutoff for latter convenience, the latter reads

A8 [

=0 A

2
Prr

k? sin? 9/tdtlaQ(tl)up(tl)wz(tl)wé(tl) (4.19)

We shall analyze Pr g using a double expansion in the number of time derivatives and powers
of the external momentum p. Up to three time derivatives the results are

A3 13p 2 a® 3rp?am; wadm3
20 5= lnlt A :, mabmg 12
LR~ Z )2 Z 840 - 15 + 256 o | (4.20a)
z]u |2 (u wh—1u u*) A2 277p*  3la’m? p2 2A
p) U pUp — Uplyp A i 1 4.20b
LR BEE 2|5 0 T % 5 et Jlog -] (4:200)

am;

9 |u o Ham; LLLam; v x
P[(/]% p QZUz[ T (upty, 4—1@,’1@0)7Z Ty, +7r(upup+upup)?

P16
T A 191 5a
+ (8|up\2a+\up]2—u Uy, — Uiy ) 15 +luy|am; (384_12a) ] ,  (4.20c)

ilu Up Ty, —UpUE G Ul — Uy —uy U+ U u 2A
PO~ ’p‘zz [(p plp G | Uplly ~ Uplly — Upliy pp>10g

12(27) a 40 ams;

B upu; —lpuy i N Up iy, — ﬁpu;fH 23 (i, — iy, — up i + i puy) ] , (4.20d)

3 a 40 600

where we have omitted the pieces of order A~!, and we list only those terms that do not
vanish as m; — oco. As in the case of Prpr and Py, Prr remains finite in the limit A — oo if
conditions (4.8) are satisfied. Since each subsequent derivative lowers the degree of divergence
of Prr by one power of the cutoff, we do not need to go beyond three derivatives.

But we still need to discuss how to remove the dependence on the regulator masses that
remains in equations (4.20) even when the cutoff is removed. As we attempt to decouple the
regulators, new divergences arise as the regulator masses approach infinity. These are of two
types: i) Polynomial divergences, proportional to an even number of time derivatives and no
factor of 7, and ii) logarithmic divergences, proportional to an odd number of time derivatives
and a factor of i. Divergences of the first type cancel because of conditions (4.11). To elimi-
nate the divergences of the second type it does not suffice to add generally covariant countert-
erms to the action, as in equation (4.13), because the latter introduce “bulk” corrections that
involve integrals over the whole spacetime, from —oo to ¢, rather than corrections at a single
time t. Therefore, in order to remove the divergences of the second type we shall include
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an appropriate boundary action in the theory. Diffeomorphism invariance at the boundary
suggests that the required counterterms should be constructed as a spatial integral over the
boundary at t of local invariants on that hypersurface. At one time derivative it suffices to
consider a counterterm proportional to the York-Gibbons-Hawking boundary action [29, 30]

¢ /d%ﬁf(, (4.21)

where v;; = g;; is the three metric on the hypersurface at constant ¢, K is the trace of the
extrinsic curvature K, = V,n, and n, = —ad,0 is the outward normal to the hypersurface.
Expanding the previous equation to second order in gravitons of positive helicity we find

2
a ([ 3

/d?’ﬂ:ﬁK D Y (hﬁhﬁ—l- 57‘[ hﬁhﬁ) . (4.22)

Therefore in the in-in formalism, a counterterm of the form (4.21) would contribute two mu-

tually conjugate corrections to the power spectrum: one in which the vertex in figure 3 is an L

vertex, and one in which it is an R vertex. Comparing the latter with the sum of the logarith-

mically divergent contributions in Prr, Prr and Prr with one derivative at the boundary,

i|up|? .
- = prr Zaza m (uptth, — i) log . (4.23)
we can immediately read off the divergent piece of the corresponding coefficient,
c1 = —2cy. (4.24)

Remarkably, this relation between the two coefficients ¢; and cs is the same as the one origi-
nally proposed by York, Hawking and Gibbons in their boundary action [29, 30]. It is also the
relation that emerges from heat kernel calculations of the effective action for both Dirichlet
and Neumann boundary conditions on the fields [28]. Note by the way that our analysis
does not yield all necessary counterterms: if we had calculated the expectation of hﬁhﬁ we
would have had to consider additional boundary counterterms constructed out of the effective
(inflaton-dependent) masses of the matter fields. Returning to the case at hand, we could
proceed again to determine the boundary counterterms needed to eliminate the terms with
three time derivatives proportional to ) . o;logm; in equation (4.20d) along the same lines,
although we shall not do it here.

We are finally ready to compute the finite, renormalized value of Prr. To do so we
begin with the identity

n
Pry = ZPLR|1 + Pir = Prr|,_, Pé";)\izo - Pf};)h:o + ZPLRL« + P5ty, (4.25)
=0 r=1

where Prp|; denotes the contribution of the i-th field to Ppg, P/’ER)}@ the piece of that
contribution that diverges with the cutoff, and Pf% the contribution of the counterterms.
Note that as both A and the regulator masses tend to infinity Prg|, approaches the values

that we collect in (4.20). Now, as we remove the cutoff , Prg|i—o — Pgﬁ)]i:o remains finite

by construction, and the cutoff dependence of Pgﬁ)\i:o + Zle Prr|, cancels out because
of equations (4.8). This renders P;% finite and cutoff-independent, but such a regularized
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expression still depends on the mass of the regulators. As we decouple the latter, even powers
of all the field masses in Péolg)h:o + > "_, Prrl|r cancel again because of (4.8), but only odd
powers of the regulator masses disappear, because of equation (4.11). Factors that depend on
the logarithm of the regulator masses are rendered finite by the counterterms Pf',. Therefore,
the final, finite, renormalized value of P;r becomes

2 A "
U 1 (7 . _ _ _ _ _
PR = /\1_I>I;O|(;§r))| {4/0 d9$1n50/0 dk k5 /dt1a2(t1)up(tl)wk(tl)wq(tl) (4.26)

o0

1 13p
. [r pF( A1 %A)]
ty

i . 277p?  3la’mi A A
~ 910 (upup—upu ) [AQ 510 + 6 0 _ p?log — —5a? molog—

ap ap2
1 20 1.9 . ) A
~ 510 8|up| a+|up| — iUy, — Upfiy, y

» 23 (g — Uy — Up Uy + U puy )
H+
ty

_|_7

i [upty —Upup d uply, — Upu
12

3 a 40 600
{

480

i A A A
[1()a (Tl —Tipu,) log + (tp iy, —ipiy, ) log am (up Uy~ puy) log ] } .
4 ty

This is one of the main results of this article. P;% converges because the cutoff depen-
dence of the integral is subtracted out, thus rendering the limit finite at the same time. What
does remain is the dependence on the arbitrary parameters u;, which capture the ambiguities
in the finite part of the counterterms. Since we have not explicitly determined all of the latter,
it is possible for some of the u; to be related to each other. Their specific values can be fixed
by imposing appropriate renormalization conditions. Say, in the renormalization scheme we
discuss in appendix C, one would naively expect p; = --- = pus = mg. The mode integral
returns a manifestly positive result, but the subsequent subtractions may render the net value
of P;% negative. Because some of the subtraction terms explicitly contain time derivatives of
the scale factor, renormalization does not simply involve removing the cutoff-dependent terms
one would find in flat spacetime. Note that we have separated the finite contributions of the
matter fields from those that depend on the counterterms, although in some cases they are of
the same form. The subtraction term proportional to (upii;'; — iipu;)H is unique in that way,
since it does not depend on the cutoff, yet it is not renormalized by any of the counterterms.

In order to derive equation (4.26) we have not made any assumptions about the dynamics
of gravity; the form of Prr essentially depends only on its couplings of matter. If the mode
functions u, of the graviton obey the equations of motion of general relativity, some of the
expressions simplify. Say, in that case

43
a? M2 :
P

More generally, for modes inside the horizon w, is given by equation (3.11a).

cx ws
Up Ty, — Uy Uy =

s (4.27)

4.3 Section summary

In order to make sense of the divergent integrals that determine the power spectrum, we have
introduced a set of Pauli-Villars massive regulator fields with Grassmann parity o,, whose
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masses need to satisfy equation (4.8) and (4.11). The introduction of these fields preserves
diffeomorphism invariance and renders all our mode integrals finite in the ultraviolet.

At momenta much smaller than the mass of the regulator fields, we would expect the
latter to have no impact on the physical predictions of the theory, other than through the
renormalization of the parameters of the low-energy theory. Indeed, when we attempt to
decouple the regulators fields by sending their masses to infinity, we find that we need to
include divergent corrections to the action of the form (4.13). The latter are constrained
by diffeomorphism invariance and can be sorted according to their mass dimension. The
presence of an effective spacelike boundary in the spacetime at time ¢, where fields are not
constrained to vanish, also forces us to include boundary counterterms like (4.21). This
construction then guarantees that the power spectrum remains finite both in the limit in
which the cutoff is removed and the regulator masses are sent to infinity.

When the dust settles, the finite, renormalized value of the contributions to the power
spectrum we shall need takes a relatively simple form, namely, that of equation (4.26). Up to
renormalization-dependent corrections, it is almost what one would get simply by imposing
an ultraviolet cutoff on the divergent mode integral, and then subtracting the divergent
cutoff-dependent pieces to render the integral finite [22].

5 Evaluation of the energy density

A significant simplification in the evaluation of the different diagrams occurs because we are
not directly interested in the power spectrum of the gravitational waves (3.1), but only in
their effective energy density (2.11) today. Suppose that preheating has concluded by some
time t; in the early universe, and that we are interested in the density of the produced
gravitational waves at a much later time ¢. Since the relevant interactions only occur before
tr, the power spectrum of gravitational waves at time ¢ > t; follows from equations (3.6)
simply by replacing ¢ by ¢; in the upper limit of the time integrals. In order to evaluate the
energy density of the produced gravitational waves at time ¢, we need to calculate a time
average of the power spectrum over several oscillations of the gravitational wave. Because
Pgp is proportional to u2(t) oc e”*?* /a?, and Py, is proportional to us?(t) o< e*?' /a?, these
oscillatory contributions average out. In contrast, the contribution of Ppg is proportional to
|up|? oc 1/a? and hence survives the average. In particular, equation (2.11) implies then that
the spectral density indeed scales like radiation. Hence, all we really need to determine the
spectral density is the (renormalized) value of Prr in equation (4.26).

5.1 The preheating stage

At the end of inflation the inflaton oscillates around the minimum of its potential while, on
average, the universe expands as if it were matter-dominated. The evolution of the inflaton
during that time is particularly simple in cosmic time 7 [7],

2/3 :
o= ag <T> N \/gMPS»m(%T). (5.1)
70 3 meT

In what follows we shall set M, = 0 for simplicity. Since in that case the effective mass of
the matter field y is mi = \¢? , it is more convenient to solve for the time evolution of the

3/2

mode functions wy in cosmic time too. Introducing the rescaled variable vy, = wy/a*/< and
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the dimensionless variables

= = — = — 5.2
T =mg, — — (5:2)
the former obeys
d*vg 4qo sinx K2 2 /\M%,
— =0 =_-—= 5.3
dfl;‘z + ( CC2 + CL2 > VK ) q0 3 mi ) ( )

where we have used that in a matter dominated universe d?a/dr? + aH?/2 = 0. The mode
equation can be cast as the Mathieu equation with a time-dependent coefficient ¢ = go/22.
As the inflaton oscillates around the minimum of its potential, some of the matter modes
experience parametric amplification. This regime was analyzed in detail in reference [7].
According to this reference, parametric resonance ends when ¢ ~ 1/4, that is, around

xr = 24/qo, (5.4)

and particle production during preheating is efficient as long as the physical momenta obey

the relation )

K 2

= <z 5.5

2 = W\/ZJ (5.5)
Modes that undergo parametric resonance grow (on average) exponentially with cosmic time.
The growth rate is very sensitive to the value of ¢y and the wave number [7], with a behav-
ior that is hard to predict analytically. Therefore, gravitational wave production during

preheating is typically studied using numerical methods.

5.2 Numerical implementation

To determine the amount of gravitational waves produced by the modes that undergo para-
metric resonance we shall solve for the matter mode functions and perform the required
integrals numerically. The mode equations for u, and wy, along with the Einstein equations
for the background, are solved numerically using the CVODE routine in the Sundials suite [31].
The mode integrals are computed with the help of the Cuhre routine in the CUBA integration
library [32].

Our numerical implementation naturally follows from our previous discussion, and was
also outlined in reference [22]. It involves the evaluation of equation (4.26) not in the limit
A — oo, but for a large arbitrary cutoff A. The error we commit by setting a cutoff at a finite
value of A can be estimated by looking up the terms in the integral that decay as A — oo.
For modes well inside the horizon, we expect the dominant error to scale as 1/A and contain
no time derivatives of the background. On dimensional grounds alone, we thus expect the
relative error to be of order AP;%/Pi% ~ p/A.

Following the discussion in subsection 5.1, we carry out the time integrals in cosmic
time 7. To evaluate P;% in equation (4.26) we thus need to compute integrals of the form

/_Tf dria(m)up(m)wi(m)we(m) €™, (5.6)

where the factor e¢™ amounts to the ie prescription that we have kept implicit in previous
formulas, and we assume that 7 = —oo denotes the asymptotic past. As it stands, numerical
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evaluation of this integral is not feasible because it is only practical to set initial conditions
at a finite time 7;, and because taking the limit ¢ — 0 numerically is too cumbersome. We
split instead the integral as

’Tf Ti ’Tf
/ drif(m1) e 2/ dry f(r1) e +/ dr (7). (5.7)
—0o0 — 0o Ti

As long as the evolution of the mode functions between —oc and 7; remains adiabatic, we can
approximate the mode functions by their adiabatic expansions (3.11) and thus evaluate the
first integral on the right analytically using integration by parts, as in equation (4.4). The
i€ prescription implies that the contribution of the boundary at 7 = —oo vanishes, while the
contribution of the boundary at 7; can be readily evaluated to the desired adiabatic order.
We choose the initial scale factor and time x; = my7; to satisfy

a, =1, z;=— (5.8)

which roughly corresponds to the time at which the inflaton begins to oscillate around its
minimum. For large values of the gy parameter, the matter fields remain heavy throughout
inflation, and the adiabatic approximation remains valid all the way past 7; (deviations from
adiabaticity occur when the matter fields effectively become massless [7].) The second inte-
gral on the right of equation (5.7) thus encompasses the reheating stage, and can be readily
computed using numerical quadrature. In order to make sure that our results capture all of
the preheating stage, we set the final time in equation (5.6) to that in equation (5.4), which
we shall deem the “end of preheating.” Since we do not include backreaction, reheating does
not actually result in a radiation-dominated universe in our analysis, because the oscillating
inflaton behaves as non-relativistic matter. Backreaction does play an important during pre-
heating at resonance parameters gy > 10 [7], which is why we mostly restrict our attention to

q < 103 (5.9)

The modes that undergo parametric resonance satisfy equation (5.5). Since these are
the only modes for which we expect significant departures from adiabaticity, we shall thus
choose a momentum cutoff A at

Ao (2\/‘70>1/2 a(zy), (5.10)

7T$f

where £ is a parameter that controls the size of the cutoff. Our default choice is kK = 1. Note
that a?(z)/x is an increasing function of  during preheating, so such a cutoff ensures that
modes with K > A never satisfy the condition for effective resonance. By changing the value
of kK we can estimate the size of the errors associated with the finite cutoff. Some of the
oscillatory integrands lead to slow convergence, and to improve the speed of the calculations
we prescribe a relative precision of 1072, This ought to be sufficient at large values of g, but
may yield large relative errors in the final spectral density when integrals and subtraction
terms cancel to one part in a thousand. Figure 4 shows for example how the predicted
spectral density depends on the value of k at gy = 100, and how the latter is affected by
the cutoff-dependent subtraction terms in equation (4.26). Because the ratio of the leading
subtraction terms in equation (3.6¢) to those that depend on the renormalization conditions
is of order (p/A)3, we do not expect the latter to have much of an impact on the predictions
of the spectral density when parametric resonance is effective.
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Figure 4. (a) Spectral density in the in-in formalism for different momentum cutoffs (5.10), with
no subtraction terms included. In this case the spectral density strongly depends on the cutoff. (b)
Predicted spectral density in the in-in formalism with subtraction terms included. This time the
prediction is clearly cutoff-independent. In both panels (a) and (b), ¢o = 100.

Finally, one should bear in mind that the net density of gravitational waves also contains
the contribution from the free-field fluctuations in equation (3.2),

3 2 92 1/3 4 m2
Qtree ~ (7'(' / ) 1 < p ) ¢ (511)

a8 \aimg ) MR

Because this contribution is proportional to (m,/Mp)?, as opposed to the (mg/M p)* pro-
portionality of the one-loop corrections, it typically dominates at sufficiently small values of
qo, unless my is close to Planckian. Note that the tree-level density (5.11) depends on gg
because the former is evaluated at the end of reheating, equation (5.4), which does depend
on that parameter.

5.3 Results

Our main numerical results are summarized in figure 5, which shows the predicted spec-
tral densities in the in-in formalism for different resonance parameters ¢g. As seen on the
figure, the gravitational wave signal strongly depends on ¢g. In fact, the behavior of the
mode functions during parametric resonance suggests that this dependence is exponential.
Such an exponential growth, however, cannot continue at arbitrary large values of qy. As
parametric resonance becomes increasingly effective, backreaction on the inflaton oscillations
quenches the effects of parametric resonance [7, 33]. The spectral density is quoted in units
of (my/Mp)? and is thus quite sensitive to the mass of the scalar ¢. Note, in particular, that
the strength of the gravitational waves essentially depends on just dimensionless parameters,
qo and my/Mp (recall that we have set M, = My = 0 for simplicity.)

In order to compute the density parameter and the physical frequency of the waves
today, fo, we need to follow the evolution of the scale factor and the energy density. Using
standard results we find

1 0 1/3 rhy 1/4 o\ 1/4 1/2
fo= 273 ~ 6.8 100 <9§) <90) ( i ) (E“’) L1, (5.12)
T ag g o arny P a;mg
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where the index “i” refers to the beginning of reheating, “rh” to its end, “0” to today, and
the different factors g are those in reference [34]. The density parameter today differs from
that at the time of reheating by about four orders of magnitude,

rh 0 4/3

Ly = & (“‘ﬁf) Q0 Qaw, with Q% ~9.2.1075. (5.13)
9% \Yxs

It is important to note that, in the absence of backreaction, the inflaton energy density

redshifts as 1/a® during reheating, while the energy density of the gravitational waves scales

as 1/ a*. Hence, the value of Qg is somewhat sensitive to the time we designate as the end

of reheating.

Unfortunately an inflationary model with a purely quadratic potential is strongly dis-
favored by a combination of BICEP2/Keck Array and Planck collaboration data [35]. For
illustration, we shall frame these results, instead, with the example of an inflationary model
with scalar potential

V(o) = SMpnd [1 —exp (—V2730/Mp)] (5.14)

which happens to be among those that best fit current observations [35]. The potential (5.14)
is that of the Starobinsky and Higgs inflationary models [36], although the couplings to
matter that we assume are not necessarily the ones in those models. There is a wide variety
of scenarios with a potential that can be approximated by (5.14) during inflation, at ¢ > Mp,
although they may not agree with it globally [36].

The potential (5.14) is quadratic around ¢ = 0, with relative deviations from pure
quadratic behavior that remain smaller than about 50% at |¢p| < Mp/2. Therefore, a
quadratic potential ought to be a good approximation after the first few oscillations of the
inflaton. In the model (5.14) the value of mgy is determined by the observed amplitude of the
primordial scalar perturbations, my/Mp ~ 1.2 - 1077 [36]. Therefore, in this case the signal
would peak at present frequencies of about 2 x 108 Hz, which is three orders of magnitude
above the highest frequencies probed by current and near-future detectors [37, 38].

The value of the coupling A, and hence qq, is poorly constrained. We shall only demand
that the induced radiative corrections to the potential (in flat spacetime) remain subdominant
both during inflation and the oscillation phase thereafter,

Moy 30 N
log - < -M d log —
592 @" log p < pMmy  an 3972 ¢" log p

1 < %migzﬂ. (5.15)
Assuming that the log is of order one, and using that ¢ < 6Mp during inflation, we find ¢
cannot be higher than about 10° if we are to trust the tree-level potential. Yet we cannot
explore this full parameter range because backreaction is only negligible when gg < 1000. In
that interval, the curves in figure 5 indicate that the gravitational wave density would be too
weak to be detectable by near future detectors [37, 38] even if the signal happened to fall
in the appropriate frequency range. In order to explore the parameter space of detectable
signals, we would need to add backreaction to our calculations.

5.4 Comparison with previous approaches

As we have emphasized in the introduction, previous estimates of gravitational wave pro-
duction during reheating [39] do not proceed from equation (3.2). Numerical estimates rely
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Figure 5. Spectral density of the produced gravitational waves for different values of the resonance
parameter qo. All density parameters are evaluated at the end of preheating, equation (5.4). We set
a; = 1.

instead on an ensemble of classical universes in which the relation between matter fields and
the sourced gravitational waves is the same as that in equation (3.3),

Rt )Rt — ) = / ity /t _tdtQ D (t: 1) DR (1)1 (11, )51 (t2, ). (5.16)

In this equation the bars denote classical fields, and the S; are obtained from equation (2.6)
simply by replacing the matter fields x;; by numerically evaluated solutions X of the classical
field equations. The necessary initial conditions are chosen from a random distribution that
mimics the statistical properties of the matter fields in the vacuum, be it after the end of
inflation, or well within inflation. Let ; be such a solution. Because the mode functions wy
and their complex conjugates wj, are linearly independent solutions of the field equations, we
can expand the X as

Xi(t) = o wi(t) + a*_E wi(t), (5.17)
where we have enforced the reality of the fields, and the a; are constant random coefficients

drawn from an appropriate Gaussian distribution. The latter is determined by the require-
ment that it reproduce the statistical properties of the fields in the quantum vacuum, namely,

[l = O =0, [xpxdl = (gexa) = oo (5.18)

where (---) denotes vacuum expectation value, and [-- -] expectation in the random distri-
bution used in the numerical simulations. If we regard the o and their complex conjugates
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al’% as independent variables, equations (5.18) imply

ag] = [0zag] =0, and [opag] = [ogag] = , (5.19)

[ap] =lo] =0, o
which, in a way, mimics the behavior of creation/annihilation operators.

An estimate of the power spectrum of gravitational waves may be obtained by decom-
posing the momentum vector p into its magnitude p and direction p, and averaging over the
angular variables p [39]. For our purposes it is more convenient to invoke ergodicity and
replace the angular average by its expectation in an ensemble of simulations,

t t
(h(t, P)h(t, —p)] = / dtl/ dty Df(t;t1) D] (5 £2)[S1(t1, §) S (t2, —D)], (5.20)
t; t;
where the correlation of the classical sources in the simulation obeys

a?(t1)a*(t2)

[S(tl,@g(tQ, *ﬁ)]conn = 8(27T)3

/d3k Re[G}(t1;t2)|Re[Gy(t1; t2)]k*sin 0. (5.21)

We have restricted our attention to the connected piece of the correlation, because transla-
tional invariance of the random distribution again implies, on average, that the disconnected
piece only sources “gravitational waves” of zero momentum.

In order to compare previous numerical estimates with the predictions of the in-in
formalism, we shall cast equation (5.21) also as a sum of squares. Dropping terms that
oscillate at time t we find

2

U 2
(h(t, At~ — ;)2(;2; [ rntsin e{

ty
/t< dtia’ (t1)up(t)wr (t1)wq(t1)

2
+}

where the dots stand for the integrals that arise from the six remaining ways of conjugating
or not conjugating each mode function individually (since there are three mode functions
in the integrand, there is a total of 23 different combinations.) Numerical estimates do not
actually calculate the expression (5.22) directly. Instead, they solve for the matter fields by
evolving a discretized universe and use these classical fields as the sources of gravitational
waves [15-18]. In any case, equation (5.22) is constructed to reproduce what these codes are
aiming to compute. At this point it is inconsequential whether the backreaction is taken into
account. The latter affects the actual values of the mode functions wj and the scale factor,
but not the actual form of equation (5.22).

There are also some analytical estimates of gravitational wave production [33], in addi-
tion to the original estimate of reference [14]. The former begin with equation (5.20), with
the expectation in the ensemble of simulations replaced by the vacuum expectation value.
Such a substitution does not quite return our unrenormalized expression for Prg, because
the Green’s functions for the gravitational waves differ. It is also worth pointing out that
these analytical estimates and their numerical simulation counterparts are not calculating
the same quantity. The sources are quadratic in the matter fields, so even if equations (5.18)
hold, (Sy(t1,P)S1(t2, —p)) differs in general from [S)(¢,1,p)S2(t2, —p)]. In any case, such

_l’_

/tvt dta® (t1)up (t1)wy(t1)wq(t1)
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analytical estimates do seem to agree with the numerical simulations, which are the ones we
shall focus on.

The first difference between equations (5.22) and (4.26) lies in the lower limits of inte-
gration. In the in-in formalism the initial time is set in the asymptotic past, at 7, = —oo,
where the ie prescription eliminates the dependence of the integral on the fields at the past
boundary. If we insist in carrying out the integral from a finite lower boundary ¢;, we should
add the missing portion of the integral, as in equation (5.7). This missing piece can be esti-
mated analytically as long as the evolution of the modes is adiabatic, and only involves the
values of the mode functions at ¢;. For sufficiently small values of the resonance parameter qq,
the magnitude of the boundary term at ¢; can be comparable to that of the integral between
t; to ty. If these boundary terms are not taken into account, the correlation function ends
up depending on the mode functions at the initial time ¢;, and contains additional oscillatory
terms that would not be present otherwise. In particular, because the dependence on the
past boundary persists in the ultraviolet, the divergent piece of the mode integral (5.22) ends
up also depending on the initial time ¢; and not just on a local expression defined at time #;.

Leaving the previous differences aside, and focusing just on the integrals in both (5.22)
and (4.26), one may observe that both expressions would agree if the integrals were insensitive
to the phase of the mode functions. This is to some extent what happens when there is strong
particle production, as during preheating. In general, we can cast the matter mode functions
in the form

wy = a\/lm [ak(t) exp (—i/t o dt1> T Bi(t) exp (z /t o dtl)} C (5.23)

with Bogolubov coefficients ay, and (3, that are constrained to satisfy |agx|* — |87 = 1. The
matter mode functions are those of the in vacuum, that is ap — 1, 8 — 0 in the asymptotic
past, but during preheating |Bx|?> grows to large values for those modes that experience
parametric resonance. In this limit, up to a phase, aj ~ 8k, and, therefore wy ~ wy. In that
sense, the expectation that a classical analysis is justified in the presence of strong particle
production bears out. Note, however, that the same argument does not apply to the tensor
mode functions u,, since the evolution of the latter remains adiabatic throughout.

The difference between the two approaches is apparent in figure 4 (b), which shows how
the predictions from the in-in formalism and the numerical simulations significantly diverge
at large values of p. To gain a quantitative understanding, we also compare the numerically
computed momentum integrands (per logarithmic k) in equations (4.26) and equation (5.22)
for sinf = 1 and various values of ¢ in figure 6. At momenta k around the main peaks of
the integrand, the difference between the integrands is small at large gg, but significant at
small values of gy, in agreement with the expectation that the difference ought to be small
when particle production is effective.

Yet perhaps the most important difference between equations (4.26) and (5.22) concerns
the subtraction terms that the former contains and the latter lacks. Because the mode
integral (5.22) diverges in the ultraviolet, no matter how effective parametric resonance is,
the dominant contribution to the integral (5.22) stems from the modes around the cutoff A,
provided the latter is sufficiently large. This has been noted before, say, in reference [33],
which also discusses in passing how numerical simulations deal with this problem. Our
results can be used in fact to justify the approach followed by the simulations. Within the
in-in formalism, at large qo, the subtraction of the cutoff-dependent terms in (4.26) does not
have much of an impact on the final answer, as long as the integration range in momenta is
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Figure 6. Comparison of momentum integrands (per logarithmic interval dk/k) in the in-in formal-
ism and as expected from numerical simulations. No backreaction is included in either case.

restricted only to the modes that experience parametric resonance. If, on the other hand, the
range of momenta is extended far beyond the latter, the subtraction of these terms simply
cancels the contribution of such “ultraviolet” modes, which do not experience parametric
resonance by definition. In that sense, it is numerically more efficient to restrict the mode
integral to those modes that experience significant deviations from adiabaticity.
Unfortunately, the existing analyses that rely on actual numerical simulations, such
as [10, 33], have concentrated in large values of the resonance parameter qp, for which the
backreaction of the matter fields on the evolution of the inflaton is expected to be significant.
Therefore, it is not possible to compare their predictions directly with ours. Nevertheless, the
shapes of the corresponding spectral densities appear to be in rough qualitative agreement.

6 Summary and conclusions

In this manuscript we have developed a framework to predict the energy density of the
gravitational waves produced during reheating from first principles. Our estimate is grounded
on the in-in formalism, which we employ to directly compute the expected energy density
of the gravitational waves produced during that stage. It involves the leading terms in an
expansion of the expected density to lowest order in inverse powers of the Planck mass, which
happens to arise from a Feynman diagram in which the scalar field the inflaton decays into
runs in a loop. The actual prediction essentially requires the calculation of a mode integral
over the mode functions of the matter fields and the gravitational waves, which is arguably
simpler than the traditional approaches that rely on evolving a discretized universe.

In order to obtain a well-defined prediction out of the divergent mode integrals, we had
to pay particular attention to the regularization and renormalization of general relativity
coupled to a scalar. Because the mode functions of the different fields during preheating are
not analytically known, and diffeomorphism invariance is crucial to the renormalizability of
the theory, we have opted for an implementation of Pauli-Villars regularization that involves
the introduction of Grassmann-odd scalar fields similar to the Faddeev-Popov ghosts of gauge
theories. New divergences appear as we attempt to decouple these ghosts, but the latter can
be absorbed into appropriate counterterms in the action. The required counterterms are those
encountered in the classic in-out analyses, but, in addition, they need to be supplemented
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with counterterms in a boundary action defined on the spacelike surface at the final time
t. At lowest order in derivatives, the latter is proportional to the York-Hawking-Gibbons
boundary action.

At large values of the resonance parameter, go > 100, in the absence of backreaction,
our predictions seem to agree with those expected from numerical simulations that evolve
a classical universe from appropriate initial conditions. At gy < 100, however, these simu-
lations cease to be applicable, and our approach becomes the only way to obtain accurate
estimates. In that sense, some of our results can be taken to be the first accurate predictions
of gravitational wave production during preheating at small values of the resonance param-
eter qg. Since we can expect a sufficiently strong signal of gravitational waves after inflation
when parametric resonance is very effective, the question may appear academic. But since
our analysis is quite model-independent, it ought to apply to scenarios in which the resonance
parameter remains moderate, and the traditional numerical computations are not justified.

The main drawback of our study thus far is the absence of backreaction on the evolution
of the background inflaton and metric. One should be able to include the latter using exactly
the same formalism we have presented here, along the lines discussed in appendix C. Leaving
renormalization aside, it is plausible that the agreement between numerical simulations and
the in-in formalism will also persist once backreaction is included, although in our opinion the
issue deserves a more rigorous justification that the conventional argument invoking particle
production and large occupation numbers.

More generally, we believe that our analysis has shed further light into renormalization
in the in-in formalism, a topic that has not received much attention in the literature, and
appears to have a richer structure than its in-out counterpart, particularly when one is
interested in expectation values at finite times. In that sense, some of our method should be
applicable to the calculation of correlation functions in a wide array of cosmological scenarios.
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A Polarization tensors

As mentioned in the main text, it is useful to decompose the transverse and traceless part of
the metric perturbations into a set of decoupled modes of definite helicity, as in equation (2.3).
For o = £2, the tensors ();;° are defined by

Qi B =M @), QiY@ = & e (), (A1)
where the vectors e* are two complex orthonormal transverse vectors satisfying
E(p)* - €2(p) = 67192, F-éS(P) =0 and Fx é5(p) = Fipet(p). (A.2)
When p points along the z direction, these vectors can be taken to be
1
EE(2) = = (éx 1), E(—2) = —€7(2), (A.3)

V2
where €, and é, respectively are unit vectors along the x and y directions. If p’does not point
along the z direction, e*(p) is obtained by a standard proper rotation of the latter. In partic-
ular, note that €7 (p)* = €~7(p), which implies that Q;;7 is traceless, and €7 (—p) = —€~(p),
which implies that Q;;7! (p)Q¥72(—p) = §71°2.
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B Boundary terms in the interaction

To see under what conditions boundary terms contribute to the expectation of an observable,
consider an interaction Hamiltonian that contains a total derivative,
_dB; 4

Hi(t) = W—FH[. (B.1)

In that case, the time evolution operator in the interaction picture is

t
Ur = e BrO7T exp (—z/ HI(tl)dt1> , (B.2)

where T' denotes time ordering, which indeed satisfies idUy/dt = H(t)Ur(t). The expectation
value of an observable O in the in-in formalism is then

(O(t)) = <Texp <z / t Hl(tl)dt1> PO (t)e  PrOT exp (—z’ / t Hj(tl)dt1>> . (B.3)

Therefore, if [O;(t), Br(T)] # 0 the boundary term does contribute to the expectation. This
is typically what happens when either the interaction or the operator O; depend on the
canonical momenta. In the main text we had to calculate the expectation of a function of
h, with an interaction that contained its time derivatives (which are proportional to the
canonical momenta.) This is why we should expect the expectation to depend on some of
the boundary terms in the action.

C Effective equations of motion

Our estimate of the energy density of gravitational waves can be circumscribed in a framework
that aims to derive quantum corrections to the classical gravitational equations. To arrive at
these quantum-corrected equations we shall begin with the quantum effective action in the
in-in formalism, I', which is a functional of a set of field expectations gﬁy, gfy, oF, o7, xE,
™ [40]. Tt is quite useful to regard the latter as fields defined on the two different branches
of the Schwinger-Keldysh contour: the R branch runs from —oco to tp, and the L branch
from tp back to —oo [41]. In this picture, the action of the theory is a functional of a single
set of fields, and we can borrow all the results on the quantum effective action from the
conventional in-out formalism essentially without modification.

In this context, then, just as in the in-out formalism, the quantum corrected Einstein
equations of motion follow from the condition ¢6I'/6g,.(t,Z) = 0, which translates into the
path integral equation

0S 08 . -
< > = [ DoguDIBDIN 2 e (iSlg + 0.6+ 66, + X)) = 0. (C)
09uv / 1pr 09y (t, T)
1PI

Here we have used that the effective action can be written as the sum of all connected one-
particle-irreducible diagrams in a theory in which the fields are the sum of a background value
plus quantum fluctuations one integrates over [42]. Because the path integral runs over fields
defined on the Schwinger-Keldysh contour, the insertion of 65/0g,, in the integrand delivers
the expectation value of the action variation, as suggested by our notation. Expanding the
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previous variation of the action to zeroth order in the fluctuations we just obtain the Einstein
equations for the background,
M3 GH =TH. (C.2)

Because a vertex linear in the fluctuations cannot be part of a 1PI diagram, quantum correc-
tions to the previous equation result from terms that are at least quadratic in the fluctuations.
One of these corrections arises from the expectation of the energy-momentum tensor of the
fields in the given spacetime background,

_ _ 1
M%, GH =TH + (0Hx0"x — 5@’“’ (8(,X(9"X + m%x2)>1p1, (C.3)

where indices are raised with the background metric. At this stage, the quantum corrected
equations of motion resemble those of semiclassical gravity, in which the energy momentum
tensor is replaced by its expectation (in our treatment, though, the expectation would include
radiative corrections with metric fluctuations running inside loops.) In our specific setting,
this correction would account for the backreaction on cosmic expansion caused by the decay
of the inflaton field, which we have ignored in this article.

Expanding the Einstein tensor to second order in the metric fluctuations we would
obtain the effective energy tensor of the metric fluctuations. We shall not write down the
resulting expansion here, though it is clear that the latter will consist of quadratic terms
in the fluctuations containing up to two derivatives of the metric. At short wavelengths,
we expect the dominant terms to be captured by Isaacson’s energy-momentum-tensor [20],
whose expectation value has been the central focus of this work.

This framework offers a natural way to fix the counterterms needed to renormalize the
divergences that appear in the different expectations, and thus fix the finite pieces of the
counterterms that remained undetermined otherwise. Say, following the same methods of
section 4, we can expand the spatial components of equation (C.3) in the number of time
derivatives acting on the background fields. At zeroth order in derivatives, leaving out terms
that vanish because of conditions (4.8), we find

2A

9
am;

i _ g7 4
(1), = S22 Zam log (C.4)

where the effective masses of the regulator fields are given by m? = M? + A\¢?. Clearly,
the terms that diverge as the regulators are decoupled again renormalize the cosmological
constant and the inflaton potential. If we include the observed value of the cosmological
constant in the background energy-momentum tensor of equation (C.2), it is thus natural
to choose a counterterm that completely eliminates the contribution from (C.4). Such a
counterterm is precisely that of equations (4.13) and (4.15), with the arbitrary finite piece
in the latter set to zero. Similarly, equation (C.4) modifies the effective energy density of
the inflaton field by renormalizing its mass and quartic self-couplings. Demanding that the
inflaton potential that appears in equation (C.2) is the renormalized one, we are again led
to the counterterm (4.15) with the finite constant set to zero.

There are no contributions with a single time derivative in equation (C.3), and those
with two derivatives are

1 69

1 ( 2A
a* 12(2m)?2

am;

<Tij> (2) —

M +2H) > omilog (C.5)
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This correction is proportional to GY¥ = —a=4(H? + 2H')§% and thus renormalizes the value
of the Planck mass by an inflaton-dependent factor. If the constant Mp that appears in
equation (C.2) corresponds to the actually measured quantity, we thus need to subtract
the whole quantum correction with an Einstein-Hilbert counterterm (4.13), with ¢y given
by (4.17) and its finite piece set to zero.

At this point it becomes clear that, in this context, a convenient renormalization scheme
involves the subtraction of the log divergent terms that appear in the different quantum
corrections. Such a prescription is somewhat analogous to minimal subtraction scheme often
employed in field theories in flat spacetime.
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