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We study the minimal gravitational portal for a massive spin-2 dark matter candidate X,, produced
during perturbative reheating. The dark sector couples to the visible sector only via gravity, and we analyze
two unavoidable channels: (i) inflaton condensate annihilation, ¢ + ¢ — X + X, and (ii) thermal
scatterings, SM + SM — X + X, both mediated by graviton exchange. Working in the Fierz-Pauli
framework for a free massive spin-2 field of mass m,, we derive the graviton-mediated amplitudes
and perform a full helicity decomposition of the final state. The relic abundance is obtained analytically in
terms of m, and the reheating temperature Try. In the light mass regime m, < my, (with m,, the inflaton
mass during oscillations), production is overwhelmingly dominated by the longitudinal (helicity-0) mode:
the 2 — 2 cross section is parametrically enhanced, scaling as ~(m,,/ m5)*, and yields efficient dark matter
production despite purely gravitational couplings. Compared to lower-spin cases (spin-0, 1/2, 1, and 3/2),
massive spin-2 production is substantially more efficient for the same reheating history. Over most of the
parameter space the inflaton condensate channel dominates the yield, while the thermal contribution is
negligible. Avoiding overproduction typically requires either a relatively low Tgy or a spin-2 mass near
threshold, m, < m. This places the spin-2 portal on similar footing to other higher spins in reheating
scenarios, while emphasizing the central role of the helicity-0 mode and the reheating history in setting the

dark matter density.
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I. INTRODUCTION

The identity and origin of dark matter (DM) remains
unknown despite decades of increasingly sensitive searches
[1,2]. In particular, leading liquid xenon experiments have
pushed spin-independent weakly interacting massive par-
ticles (WIMP)—nucleon limits to unprecedented levels, with
recent analyses from LZ, XENONnT, and PandaX-4T
reporting no statistically significant excess above back-
grounds across the canonical giga-electron-volt (GeV)—
tera-electron-volt (TeV) mass range [3—7]. This sustained
absence of discovery strengthens the case for DM candi-
dates that are either very heavy, very light, very secluded, or
produced through feeble interactions that are difficult to
probe directly. Among the most model-independent pos-
sibilities are scenarios in which the dark sector is connected
to the visible sector only through gravity, so that production
is an inevitable consequence of the post-inflationary history
rather than a model building choice.
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Inflationary cosmology sharply motivates this perspec-
tive: once accelerated expansion ends, the Universe must be
repopulated with a hot plasma [8—10], with a reheating
temperature at least above the few—mega-electron-volt
(MeV) scale required for successful big bang nucleosynthe-
sis (BBN) and (in many baryogenesis mechanisms) poten-
tially far higher. In perturbative reheating, the inflaton
oscillates about the minimum of its potential and gradually
transfers energy into relativistic species. Even when the
inflaton has a direct decay channel to visible degrees of
freedom, the thermal history is not characterized by a single
temperature. Rather, the plasma typically reaches a maxi-
mum temperature 7, prior to the onset of radiation
domination at 7Try, and DM production can be parametri-
cally sensitive to both scales [11-14]. This sensitivity
becomes especially pronounced when the inflaton potential
near its minimum deviates from purely quadratic behavior, or
when DM is produced out of equilibrium (e.g., through
freeze-in or ultraviolet-dominated processes), for which 7',
can control the final yield [15,16].

Gravitational production provides a minimal “floor” for
DM abundance during reheating. Even in the absence of
any nongravitational portal, 2 — 2 processes mediated by
the massless graviton unavoidably occur both within the
thermal bath and directly from the coherently oscillating
inflaton condensate. A systematic treatment of these
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channels, including production from inflaton scattering,
production from the thermal bath, and even gravitational
production of radiation itself, was developed in the gravi-
tational portal framework of Refs. [17-20]. Related analy-
ses have emphasized that gravitational interactions can be
relevant not only for the DM abundance but also for
correlated phenomena during reheating such as leptogen-
esis and the emergence of a sufficiently hot plasma [21,22].
More recently, complementary approaches have high-
lighted how the interplay of inflaton-mediated and grav-
ity-mediated channels depends on the inflationary setup
and the detailed reheating dynamics [23,24].

The idea that the post-inflationary universe can populate a
dark sector through graviton-mediated scattering has been
developed systematically for lower-spin states, providing
a useful baseline for assessing spin dependence during
reheating [17-22,25-58]. For spin-0 and spin—% dark matter,
graviton exchange generates an irreducible abundance from
both inflaton condensate scattering in the oscillatory era and
from scatterings in the thermal bath, with yields that can be
sensitive to the full reheating history via T, and Tgry
[17-20,30,41]. For spin-1, the situation is more nuanced
because of conformal effects in the massless limit, but for
massive vectors both inflationary gravitational production
and reheating-era scattering sources have been analyzed,
including the role of single-graviton exchange during reheat-
ing [50]. For spin-3, graviton-mediated production during
reheating has likewise been shown to exhibit a characteristic
hierarchy between condensate-sourced and bath-sourced
channels in broad regions of parameter space [27].
Together, these studies emphasize that the helicity content
of the final state controls both the dominant production
channel and the parametric dependence on T, versus Try.

Two broad production mechanisms are then immediately
relevant for a massive spin-2 final state. On the one hand,
massive spin-2 quanta can be generated by cosmological
gravitational particle production (CGPP) of vacuum fluc-
tuations across inflation and the transition to the hot big
bang [48]. On the other hand, once the inflaton begins
oscillating and a plasma is formed, spin-2 states can be
populated by ordinary 2 — 2 scatterings mediated by single
exchange of the massless graviton. The latter contribution
is present in the complete absence of any nongravitational
portal and is fixed, up to the reheating background, by the
universal coupling of the graviton to stress-energy tensor.
In what follows, we adopt this minimal setup: the produced
dark matter is a massive Fierz-Pauli spin-2 field,' while the
mediator is the massless spin-2 graviton.

A comprehensive cosmological analysis of gravitational
particle production of massive spin-2 quanta across

'For studies considering massive spin-2 dark matter, see
Refs. [48,59-64]. See also Ref. [65] for direct-search prospects
with long-baseline atom interferometers and for Lorentz-violating
massive-gravity benchmarks.

inflation and reheating was carried out in Ref. [48].
That study solved the full system of mode equations
(including the helicity-O sector) for representative infla-
tionary potentials, computed the resulting spectra and
abundances, and identified conditions for ghost or gradient
instabilities, deriving a generalized Higuchi bound in
Friedmann-Robertson-Walker backgrounds [66]. The con-
clusion is that cosmological gravitational particle produc-
tion can yield the observed DM abundance in viable regions
of parameter space, while simultaneously imposing non-
trivial consistency conditions on the effective description.
Our goal here is complementary. We develop an analytic
and a semianalytic treatment of post-inflationary produc-
tion during perturbative reheating using a scattering picture,
placing massive spin-2 DM on the same footing as the
gravitational-portal literature for scalars and fermions
[17,19]. This has two advantages. First, it isolates the
dependence of the yield on Try and the inflaton equation of
state in a transparent way. Second, it clarifies how the spin-
2 polarization structure reshapes the condensate-scattering
and bath-scattering rates relative to lower-spin final states,
and which helicities dominate in the relevant regimes.

We consider a massive spin-2 field X, described at the
free level by the Fierz-Pauli Lagrangian [67,68] and
coupled universally to the stress-energy tensor. Within this
setup, we compute the minimal production of X,,, through
(i) inflaton condensate scattering during the oscillatory
phase and (ii) graviton-mediated scattering in the thermal
bath after inflaton decays populate the plasma. We treat
reheating perturbatively, allow for generic reheating histor-
ies (parametrized by Try), and keep the full mass depend-
ence relevant for both production mechanisms. We then
determine the relic abundance and map the regions in
which massive spin-2 particles can constitute all of DM
while remaining consistent with basic cosmological
requirements.

The remainder of this paper is organized as follows. In
Sec. I we summarize the Fierz-Pauli description of a free
massive spin-2 field and fix our conventions. We also
derive the graviton couplings relevant for 2 — 2 production
and set up the polarization sums and helicity structure
needed for massive spin-2 final states. In Sec. III we
compute production from the inflaton condensate during
reheating and obtain the corresponding yield and relic
density in terms of m,, Try, and the inflaton mass m. In
Sec. IV we evaluate the graviton-mediated thermal pro-
duction from the SM bath. We conclude in Sec. V.
Technical details are collected in the appendixes.

II. GRAVITATIONAL PRODUCTION
OF A MASSIVE SPIN-2 FIELD

We now extend the gravitational production framework
to a neutral, massive spin-2 field that interacts only through
gravity. Throughout this work, we denote the spin-2 field
by X,, and assume that it is stable on cosmological time
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¢/SM « X,

¢/SM -~ X,

FIG. 1. Feynman diagram for the gravitational production of
massive spin-2 particles from inflaton or SM scattering.

scales, so that it can contribute to the dark matter density. Its
interactions with the inflaton condensate and with the
thermal Standard Model (SM) bath are mediated solely
by the canonical metric perturbation £, defined via the
expansion of the spacetime metric around Minkowski
space,

2
9w = Mw =+ M_Phyw (1)

where M p is the reduced Planck mass. During reheating the
Hubble rate is much smaller than the characteristic momen-
tum transfer in the scattering processes and in the inflaton
oscillations, so that the description in Eq. (1) is sufficient
for computing the relevant amplitudes. In this regime
gravitational interactions are universal and couple the
inflaton, the SM plasma, and the massive spin-2 field
X, through their energy-momentum tensors. A stable X,
can therefore be populated either from the oscillating
inflaton condensate or from the SM thermal bath and act
as a viable dark matter candidate.

The corresponding gravitational portal is illustrated in
Fig. 1, which shows the production of massive spin-2
particles from inflaton or SM scattering via exchange of the
graviton h,,.

A. Massive spin-2 field: Fierz-Pauli theory

A free massive spin-2 field in flat space is described by
the Fierz-Pauli theory [67,68]. We denote the field by
X,, = X, and work in Minkowski space with metric 17, =
diag(+1,-1,-1,-1) and trace X =#*X,,. The Fierz-
Pauli Lagrangian density is

1
Lpp = _Eaixwaﬂxw + 0,X"0'X,, — 0,X"9,X
1 1
+3 0, XX — 3 m3(X,, X" — X?), (2)

where m, is the spin-2 mass. Up to total derivatives and an
overall sign convention, this is the standard Fierz-Pauli
Lagrangian used in the massive-gravity and spin-2 liter-
ature (see, e.g., Refs. [69-73]).

Varying Eq. (2) with respect to X*¥ gives the equations of
motion

0X,, —20,0°X,), + 0,0,X +1,,000°X ,; — 1, 11X
= m%(X;w - nqu)7 (3)

where [1= 0,0’ and parentheses denote symmetrization,
AuB, = (A,B, +A,B,)/2. Taking the divergence of
Eq. (3) and using the commutativity of partial derivatives
yields

#X,, —0,X =0, (4)
while taking the trace and combining with Eq. (4) gives
X=0. (5)

Equations (3)—(5) are equivalent to the simpler Fierz-Pauli
system

(O0-m3)X,, =0, (6)
X, =0, (7)
X =0, (8)

which shows that X, is transverse and traceless and satisfies
a Klein-Gordon equation, propagating the expected five
physical polarizations of a massive spin-2 field.

The mass term in Eq. (2),

1
£mass = _Em%(x/wxﬂb - Xz)’ (9)
is uniquely fixed by the requirement that no additional
ghostlike scalar mode propagates: any other Lorentz-invari-
ant quadratic combination of X,, and X leads to a sixth
degree of freedom with wrong-sign kinetic energy [68—70].
In the massless limit m, — 0, the Lagrangian (2) reduces to
the linearized Einstein-Hilbert action and becomes invariant
under the gauge symmetry 6X,, =d,¢, +d,&,, which
corresponds to linearized diffeomorphisms.

For completeness we note that consistent extensions of
the Fierz-Pauli (FP) theory to curved backgrounds and
to nonlinear massive gravity are discussed in detail in
Refs. [69-73] and references therein. In this work we only
require the flat-space theory summarized above.

B. Gravitational couplings

To linear order in 7,,, the coupling to matter and to the
spin-2 field is encoded in the universal interaction

1 v v v
Lin = _M_Ph/w(TgM + Tl(;z + Tg >’ (10)
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where ¢ is the inflaton, “SM” stands for the Standard
Model sector, and T’z‘” is the energy-momentum tensor of
the massive spin-2 field X

For the inflaton and SM fields we adopt the standard
canonical energy-momentum tensors for spins 0, 1/2,
and 1,

1
T;(;v = HS”S — g |:§aasaas - V(S):| s (11)

w L 9T B R _
T’]/fZW‘MwLM >yl —n" {EW Bax—mm(], (12)

1 1
= [FF + P FHe — Enﬂ”F“ﬂF,,ﬂ] . (13)

where S = ¢, H denotes either the inflaton or the (real)

Higgs scalar,” V(S) is the scalar potential, A9,B =
A9,B - (d,A)B, and F,,, = d,A, — d,A, is the vector field
strength.

For the massive spin-2 field, we start from the covariant
Fierz-Pauli Lagrangian (2) and define its energy-momentum
tensor in the usual way,

Vau!/ 59/41/ .
For physical (on-shell) Fierz-Pauli solutions in Minkowski

space, 0#X,, = 0 and X*, = 0, this reduces to the compact
form [72,74]

o — _
=

(14)

1
T = auxa,,avxaﬂ - ;7””5 [aanﬁa”X“ﬁ - m%XaﬁX“ﬁ]. (15)
On shell, Eq. (15) is conserved and symmetric and carries the
five propagating polarizations of the massive spin-2 field.
The tree-level amplitudes relevant for the production of
massive spin-2 particles through gravitational scatterings,

¢/SM!(p1) + ¢/SM'(p2) = X(p3) + X(pa).  (16)

are mediated by a single graviton exchange with momen-
tum k = p; + p,. It is convenient to factorize the ampli-
tude in terms of “partial” tensors contracted with the
graviton propagator,

M2 o M2,T1#° (k)M

(17)
with i =0,1/2, 1 indicating the spin of the initial-state
particles.

*In the numerical calculations, we treat the Higgs field as four
real scalars, corresponding to the 4 degrees of freedom of the SM
Higgs doublet.

The graviton propagator for the canonical field 4, in de

Donder gauge is [75]
nﬂpr]vg _|_ 7]/40';/]7/9 — 7].“7/;/]/70'
2k? '

e (k) = (18)

The partial tensors M fw associated with the initial states are
defined as matrix elements of the corresponding energy-
momentum tensors and can be written as [19]

M2U PiuPw + PPy —MwP1 - P2 — Wtu//(S)L (19)

1
:5[

M = 0(p2)lr(p1 = pa), + 1.(p1 = p2)Julp). (20)

EN

M), = ! €5 - €1(P1uPow + PruP2)
2
— €5 p1(py€ry + €1,P2)
— €1 p2(P1Es, + PLEs,)
+ p1 - p2(€1,65, + €1,€3,)
+1u(€5 - prer - pa—p1- P2 - €r)], (21)

where we neglect the masses of SM fermions and gauge
bosons.

The massive spin-2 field X,
annihilation operators as

Xap(x) = Z/ 27:3215

ot ]
(22)

is expanded in creation and

with polarization tensors satisfying

Peup(p.A) =0, €4(p.A) =0, €45 =€p, (23)

and normalized as

Gaﬁ(P’ﬂ)e*aﬂ(Paﬁ') = O (24)

Using the form (15) and the mode expansion of X4, one
finds the compact form

M2 _ 1 2
w =5 | P3Py + P3uPay = NP3 - ps + m3)
X €aﬁ(P3,/1%)€ (P4,/14) (25)

where €,4(p, 4) are the massive spin-2 polarization tensors
defined above. The polarization sum entering the squared
amplitude can be expressed in terms of the standard
massive spin-2 projector. We will use this below to obtain
the polarization-averaged squared matrix element relevant
for the gravitational production of X, .
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There are two distinct gravitational production mecha-
nisms, both represented by the diagram in Fig. 1 with the
final state of the massive spin-2 field:

(i) Production from the inflaton condensate, ¢ + ¢ —

X + X. For a purely quadratic minimum, the inflaton
behaves as a collection of nonrelativistic quanta at
rest, and the corresponding partial tensor is directly
given by Eq. (19) with S = ¢. For more general
minima V(¢) =~ A¢*/M%* we instead use the zero-
mode description of the oscillating condensate,
discussed below.

(i) Production from the thermal plasma, SM + SM —
X + X, where the initial-state tensors M ;w with
i=0,1/2, 1 are those in Egs. (19)—(21).

In both channels the spin-2 field is coupled only gravita-
tionally, so its production rate is completely determined by
the Fierz-Pauli dynamics and by the universal graviton
exchange encoded in Eq. (17). In the following, we keep
the inflaton potential as general as possible, restricting
ourselves to models that satisfy the slow-roll constraints
from Planck [76] and related cosmic microwave back-
ground measurements, and that admit a well-defined
minimum allowing the expansion V(¢) ~ gt/ Mk
around it.

C. Spin-2 polarization tensors and SVT decomposition

To resolve the helicity content of the massive spin-2 final
state, we construct its polarization tensors from the massive
spin-1 polarizations. For a momentum p* = (E,p) with
p? = m3 and metric (+,—, —, —), we use the three spin-1
polarizations €y (p) with r = {+,0, -},

pﬂ(-,":(p) =0, €r- 59;/(17) =0y, (26)

given explicitly by

0
1 | —cosfOcos¢ + ising
éi(p)=—% o
V2 | —cos@sing —icos¢p

sin @

p|
& (p) = i Esinfcos ¢
my | Esin@sing¢

Ecosf

0
“(p) 1 | cos@cos¢ + ising (20)
et(p) =—1 ,
u V2 | cos@sing —icos¢p

—sin@

which correspond to helicities 4 = +1, 0.

A massive spin-2 polarization tensor is the symmetric,
traceless part of the tensor product of two spin-1 polar-
izations. Using the Clebsch-Gordan coefficients for
1 ®1— 2, we define the five helicity tensors €;"(p),
A==22 %1, 0, as

éh(p) = €L(p)et(p), (30)
& (p) = % (- (P)es(p) + () (). (31)
i (p) == (D) (0) + e () (p) + 264 (p)ek(0).

(32)
2i(p) = —= (2 (p)eg(p) + €o(p)e(p)).  (33)

¢ (p) = e (p)e“(p). (34)
These tensors are symmetric, transverse, and traceless,
ey (p) =€ (p),

puei’(p) =0, n,€e(p)=0, (35)

and orthonormal,
6’?(1’)5;”,1(1’) = 0. (36)
To sum over the five physical polarizations of the final-

state spin-2 particles, it is convenient to introduce the
standard massive spin-2 polarization projector,

> € (P)EEP) = Prupo(p)- (37)
A
with
1 1
Pﬂy,pa(p) = 5 (GﬂpGya + G/wap) - g Gm/Gpm (38)
where
PuPv
G =n,— # (39)

2

For later use, it is convenient to rewrite this projector in a
scalar-vector-tensor (SVT) form that separates the contri-
butions of the five helicities. We also choose a fixed
timelike reference vector n* with n> =1 and p-n #0,
and define the longitudinal (helicity-0) polarization vector
of the massive spin-1 as
(p-n)p* —min*

my (P'”)z—m%’

¢ (p) = (40)
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which satisfies p,ef =0 and e;-e;, =—1 in our
(4, —, —, —) convention. The projector onto the two trans-
verse vector polarizations (4 = £1) is then
P7(p) = G*(p) — € (p)e;(p). (41)
In terms of P4’ and ¢/ the spin-2 SVT projectors take the
form

1 1
P (p) = S PP + PP~ LPERE. (42)
1
Py (p) :E[Pl;peliez + Piee] + Plefe] + Pirefe]],
(43)
o3 l (o3
P (p) = (2~ PI)2e]ef — PE). (49

corresponding respectively to the helicity sectors 4 = £2
(tensor), 4 = £1 (vector), and 4 = 0 (scalar). One can
check explicitly that these projectors satisty

PaPp = 64pPa, Z Py (p) = Pre(p).  (45)

A=T\V.S

so that they provide a complete and orthogonal decom-
position of the massive spin-2 projector into tensor, vector,
and scalar components.

The contributions of each helicity sector to the squared
amplitude follow by contracting these projectors with the

partial tensor M ,(,%),

|M(2)|§ — M2 P”D'M(p3)M2

po>
MBS, = M Py (p3) M3,
IM@)2 =

M3, P (p3) M. (40)

and

7+ MO+ MO (47)

Z'Mz‘2|2 x |IM®?

A3.44

for each choice of initial state i = 0, 1/2, 1. In the center-
of-mass frame one can choose n# = (1, 0) for convenience,
which identifies ¢; with the standard helicity-0 polarization
of the massive spin-1 building blocks and yields the usual
separation into transverse (helicity +2), vector (helicity
+1), and scalar (helicity 0) contributions.

D. Gravitational production
from the inflaton condensate

We first analyze the production of massive spin-2
particles from the coherent inflaton condensate. During
reheating, the inflaton field oscillates around the minimum
of its potential and behaves as a gas of matterlike

nonrelativistic quanta. Although gravitational interactions
are Planck-suppressed, the energy density stored in the
condensate is initially very large, so the scattering of
inflaton quanta through virtual graviton exchange can
provide an efficient source of X,, quanta. In practice,
the production rate is dominated by the earliest stages of
reheating, when the oscillation amplitude is maximal and
the inflaton energy density is largest.

Our analysis does not rely on a specific inflationary
model. It requires only that the potential admit a well-
defined minimum around which the inflaton oscillates. For
instance, in Starobinsky inflation [77] and in a-attractor
T-models of inflation [78] the potential is effectively quad-
ratic near the minimum, so the post-inflationary dynamics are
well described by coherent oscillations with an effective
mass m(/,.3 In the following, we treat this quadratic regime
explicitly, and later comment on more general minima.

1. Quadratic potential minimum
We begin with the simplest case in which the inflaton
potential near its minimum is approximately quadratic,
L 48
V() =25 mi. (48)
In this regime the inflaton condensate can be viewed as a
collection of nonrelativistic particles of mass m, at rest in

the condensate frame. The gravitational production process
is then described by the 2 — 2 scattering

b(p1) + d(p2) = X(p3) + X(pa), (49)

with p; = p, = (my, 0) for the initial inflaton quanta and
p3 = p; = mj3 for the final massive spin-2 particles.

The tree-level amplitude mediated by a single graviton
exchange [cf. Eq. (17)] can be written schematically as

M o M3, (ps, pa) I (k)M (py. o). (50)

where k = p; + p, is the graviton momentum, Mg,, is the
scalar partial tensor in Eq. (19), and MIZ,D is the spin-2 partial
tensor given in Eq. (29).

Using Egs. (25) and (38), the polarization-summed
squared amplitude entering the production rate takes the
schematic form

022
D i, M e

MZ Hﬂy/mMO )(MZ H(l/)’yﬁMO )
(51)

where the spin-2 polarization sums are encoded in the
projector P, ,, through M2,. This expression is sufficient
for the unpolarized production rate from the inflaton

3For a recent discussion of constraints on T-model inflation
and reheating using ACT DR6 and SPT-3G data, see Ref. [79].
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condensate, which we will integrate over phase space to
obtain the gravitational abundance of X, for the quadratic
minimum.

In the center-of-mass frame we take

p Py = (E.—p),

(52)

= ph = (my.0), pgs = (E.p).

with

E=my, [pl=ps=/mj—m;=myV1-—rx, (53)

where 7 = m3/mj and 0 < 7 < 1 is required kinematically.

After including the combinatorial factor 1/2! for two
identical particles in the initial state and summing over
the five spin-2 polarizations, we obtain for the total
(unpolarized) squared matrix element

_ 1 m;
IMP? = —-—27742 +1)?
288 M*

x (64 — 1287 + 18472 — 12073 + 45¢4).  (54)

By construction, the bar indicates that final state combi-
natorial factors have been taken into account to avoid
overcounting.

The associated production rate from the inflaton con-
densate in a quadratic minimum is obtained by inserting the
above result into the standard expression for 2 — 2
annihilations of nonrelativistic inflaton quanta [2]

,
Ps IMP py
m§,16ﬂmém¢’

RV = ”35(0”>(/;¢—>XX = (55)

with p; =, /m3, — m} as above.” Substituting Eq. (54), we

obtain

2 x p?
R¢2 = =P -4 2 2
i6ams” 2+
X (64 — 1287 + 18472 — 1207° + 4574)V1 — 7.

(56)

Here we included an additional overall factor of 2 to
explicitly count the two spin-2 particles produced per

inflaton annihilation in the definition of R?’.

*We note that our expression carries a factor of 16z in the
denominator rather than 327 as in Refs. [27,50]. This difference is
purely conventional: those references include the usual 1/2!
combinatorial factor associated with identical inflaton quanta in
the initial state, whereas we do not, since we do not treat the
condensate legs as identical particles in the phase-space book-
keeping. No physical result depends on this choice, it only
changes how factors of two are organized.

Using the SVT decomposition of the massive spin-2
projector (see Sec. I C), we can split the result into scalar,
vector, and tensor helicity contributions,

IMP? = [MI§ + [MF, + [M, (57)

which can be written in the compact form

_ 1 my
IM2 = 2142 +17)%2(8 =8t +372)%, (58)
5288 M4
1 my
M2 = ——2772(4 —22)2, (59)
16 M
_ 1 mj
2 (4 2
) . 60
M2 16M‘},( +7) (60)

Here | M | receives contributions from the helicity-0 mode,

M3 from the helicity +1 modes, and |M|3 from the
helicity +2 modes of X, in one-to-one correspondence
with the scalar, vector, and tensor projectors introduced
previously. A few comments are in order. For 7 < 1, the
three pieces scale as |[M|2~O(z°), |MJ ~O(72),
|IM|% ~O(z™*), so the total amplitude is dominated by
the scalar (helicity-0) component in the light-mass regime,
as anticipated from the SVT analysis.

It is instructive to compare the behavior of Eq. (54) in the
light-mass limit with the familiar scalar, fermion, and
vector cases. For minimally coupled scalars the massless
limit of the gravitational production amplitude is finite,
while for fermions there is no production of strictly
massless states due to helicity conservation, and for
massless gauge bosons conformal invariance forbids gravi-
tational production [17,19,28-30,35,50]. By contrast,
the massive spin-2 amplitude in Eq. (54) grows as 774,
reflecting the well-known pathologies associated with
higher-spin fields coupled to gravity [27,48,80].

In particular, the tensor contribution |M|% is the direct
analog of the gravitational production of two minimally
coupled scalar degrees of freedom, but with two transverse
tensor polarizations instead of a single real scalar. Since
there are two such polarizations, the tensor contribution is
enhanced by a factor of two compared to the production of
a single real scalar through the same gravitational channel
(see, e.g., Refs. [17,19] for the scalar case). The strong 772
and 7~* enhancements are entirely due to the helicity-1 and
helicity-0 sectors, respectively. We emphasize that the
formal 7 — O limit lies outside the regime of validity of
the Fierz-Pauli effective theory and should be interpreted as
signaling the onset of strong coupling in the longitudinal
sector, rather than as a physical divergence in the produc-
tion of massless gravitons.

We note that in processes such as ¢p¢p — X, X, with a

massive spin-2 final state, the apparent inverse-mass
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enhancement originates from the longitudinal/helicity-0
sector: for E > m,, the helicity-0 polarization tensor con-
tains pieces scaling schematically as eﬁ?,) ~ PuPu/ m3, so
amplitudes can grow rapidly with energy and yield para-
metric behavior as strong as |M|? « (E/m,)? in a naive
Fierz-Pauli effective theory. This rapid growth is the same
physics behind the low strong-coupling cutoff of massive
gravity, e.g., As ~ (Mpm3)'/3, indicating the breakdown of
the minimal effective field theory once E approaches the
cutoff [69,81,82].

2. General potentials

As discussed above, the gravitational production of
massive spin-2 particles from the inflaton condensate
depends sensitively on the shape of the potential near its
minimum. The derivation of the Boltzmann equation for a
decaying inflaton condensate follows the same steps as in
Appendix A, and we now extend that treatment to the case
of a Fierz-Pauli field X,,, .

We consider general single-field potentials of the form

k
v<¢>=zM;t(Mi;), b<Mp.  (61)

where k > 2, and for which the inflaton oscillates periodi-
cally about a minimum at ¢,. Using Eq. (A12), the time-
dependence of the background can be parametrized as
V(¢) = V(po)P(t)*, where P(t) is a dimensionless peri-
odic function. Fourier expanding P(#)* as in Eq. (A13), the
potential can be written as a sum over harmonics of the
fundamental oscillation frequency [15,83-85]

(5] (5]

V(¢) = V(¢O) Z ’Pkﬁne—inwt = <p¢> Z ’Pk.ne—inwt’

n=—o0

(62)

where (p,) denotes the inflaton energy density averaged
over many oscillations and w is the oscillation frequency,
given by [15]

ok TE+D)
ctmen g @

with m; = aZV/a¢2|¢0.

Each Fourier mode with frequency E, = nw acts as a
coherent source for annihilations of two inflaton quanta
with energy E,/2 into a pair of massive spin-2 particles,
with E, = nw > 2m,. Following the procedure outlined in
Appendix A, and using the spin-2 matrix element derived in
the previous section, the gravitational production rate from
the inflaton condensate can be written as

k
RV = ”35<‘7U>¢¢—»xx =

with

® ES m2 2 4m2
k 2 2 2
25 = El|73k,n| m%<1+2E,2,> 1- 7
n= n

2 4 6
m; ) ) )

8
n

where the factor of 2 explicitly counts the two spin-2
particles produced per annihilation and E’z‘ encodes the
dependence on the inflaton potential and on the spin-2
mass. In the quadratic limit £ = 2, the inflaton oscillates as
P(1)* = cos?(myt) = 5+ 1 (e72™Ms' 4 ¢?™s"), so only the
n = £2 harmonics contribute, and

1
Z'PZ,n‘Z = |732,2|2 = 16 (66)

Using E, = 2my one finds that Egs. (64)-(66) reproduce
the quadratic result (56).

We can decompose the total rate in Eq. (64) into its
scalar, vector, and tensor helicity contributions as

2xp§)

Ty (Z5s+35y +257),
P

RV = ”35<0'U>(/)(/;—>XX =
(67)

where the scalar (helicity-0) contribution is

o E8 m2 2
B =Y Pl oy (14252)
5= 2 Pl i (12

4

2 2 Am211/2
X <1—4%+6%> [1— E"?] . (68)
n n n

the vector (helicity 1) contribution is

o E4 m\ 2 4m211/2
=) [Py |2x18—"<1—4—2> [1— 2] :
” ; T m E, E;

(69)

and the tensor (helicity 4-2) contribution is

oo 2\ 2 4m211/2
2§‘T22|7>k,n|2x72<1+221§) {1— mz} . (70)
n=1

n

Only the tensor contribution admits a smooth massless limit
my — 0, as expected from the discussion in the previous
section.

The behavior of these contributions is illustrated in Fig. 2,
which shows the scalar [Eq. (68)], vector [Eq. (69)], and
tensor [Eq. (70)] rates as functions of z = m3/mj for a

quadratic inflaton potential (k = 2). As anticipated from the
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T

FIG. 2. Scalar (black line), vector (red line), and tensor (blue
line) contributions to the gravitational production rates of a
massive spin-2 particle for k =2 in units of R x M} /pj as a
function of z = m3/mj.

helicity analysis, the scalar (helicity-0) piece, which scales as
o 77% in the light-mass regime, always dominates over the
vector contribution, whose leading behavior is o« 772, while
the tensor part remains O(z°) and is therefore subdominant
for 7 <« 1. Already for z = 1/2 we find that roughly two-
thirds of the total production rate is carried by the scalar
helicity-0 component.

This pattern mirrors what is found for massive spin-1 and
spin-3/2 fields, where the longitudinal mode dominates the
gravitational production rate in the light-mass regime
[27,39,50,80]. Similar numerical results for the spin-2 case
were obtained in Ref. [48], where the scalar component was
likewise found to dominate over the vector and tensor
helicities.

Finally, we emphasize that the overall normalization of
the rate is controlled by the Fourier coefficients P, , of the
inflaton oscillations. For large k these coefficients become
increasingly similar across different powers of the potential,
so we do not expect large qualitative differences in the
relative importance of the scalar, vector, and tensor con-
tributions when varying k.

III. RELIC ABUNDANCE COMPUTATION

To determine the relic abundance of the massive spin-2
field, we begin with the Boltzmann equation for its number
density n,

d
d—';+3Hn — R, (71)

where R?" denotes the gravitational production rate sourced
by the inflaton condensate for a potential of the form
V(¢) «x ¢*. Introducing the comoving yield Y = a’n,

Eq. (71) can be rewritten as a first-order equation in the
scale factor

dY a*R"
da H(a)’

(72)

The same interactions that produce the spin-2 field also
transfer energy from the inflaton condensate to the radi-
ation bath. At the background level this is captured by the
coupled evolution equations

Py +3H(1+wy)py =~ —=Ty(1+wy)py, (73)

pr+4Hpg = (1 +wy)Ty(1)py. (74)

where H = a/a is the Hubble parameter and w, = Py/p,
is the inflaton equation of state parameter. For an inflaton

oscillating in a monomial potential V(¢) o« ¢*, one
has [15,86]

k—2
=—. 75
YT kT2 Q
Using 4 = aH 4 Eq. (73) can be integrated (neglecting the
subdominant decay term in the early stages of reheating) to
obtain

end

pola) = o) (76)

Here peng = py(aena) is the inflaton energy density at the
end of inflation, where a.,q is defined by ¢(aeng) = Pena
and ¢,q is the field value at the end of inflation, i.e., when
a=0, lmplylng Pend = %V<¢end)'

Throughout reheating, we assume that the inflaton
energy density dominates the total energy density, so that

1/2
B P,// (a)

CV3M,

Using Eq. (76), the Boltzmann equation (72) can be
written as

H(a)

(77)

dy _v3up (L)%Rm), (78)

da PRH ARH

where pry and ary denote the total energy density and
scale factor at (the end of) reheating.

We first focus on the simplest case k = 2, for which the
inflaton oscillates in an approximately quadratic minimum.
In this case, py o a3, while the radiation energy density
scales as pg o T* o a=3/? during reheating, and the infla-
ton mass is mg = 24M}. Using the spin-2 gravitational

production rate R?’ (a) given by Eq. (64), Eq. (78) can be
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integrated analytically. Evaluating the result at reheating
and expressing it in terms of the reheating temperature Ty,

I ! g
nag) = (et ) S 424

2304\/3zMp \M}) 30
x (64 — 1287 + 1847% — 1207° + 45¢*)V1 — 1,
(79)

where 7 =m3/mj, we have assumed agy > denq and
denoted by gry the number of relativistic degrees of
freedom at reheating.

The present-day relic abundance can be expressed as [2]

T
Qi ~ 1.6 x 10890 3RH) ™ (80)
JrRH TRH 1 GeV
where ¢, is the effective number of entropy degrees of
freedom today. Using Eq. (79), and normalizing to repre-
sentative inflationary parameters, we find

T p d %
Qh? ~0.12 RH en
% <6 GeV ) \(5.2 x 1015 GeV)*

8 /8 x10'2 GeV’
% m{{,S X (& 7 (81)
1.7 x 10"° GeV m,

where we have used gy = 43/11 and ggy = 427/4, and
assumed m, < my. The reference values for m, and
Pend correspond to a typical a-attractor model with k = 2,
though the precise numerical normalization depends
only mildly on Tgry (see Refs. [14,19] for a detailed
discussion).

Comparing the gravitational production of massive spin-
2 particles in Eq. (81) with that of scalars [17,19], fermions
[17,19], vectors [50], and spin-3/2 raritrons [27], we see
that spin-2 production is parametrically far more efficient
because the total matrix element squared scales as 7~* in the
light-mass limit. Raritron production is already strongly
enhanced by a factor ~mj/m3 ,, but the spin-2 amplitude
exhibits an even stronger divergence in the 7 < 1 regime.
Consequently, for fixed inflaton parameters, massive spin-2
dark matter typically overcloses the Universe unless either
the reheating temperature TRy is quite low or the spin-2
mass lies close to the kinematic threshold, 2m, ~ m,;.

We can now decompose the total abundance into scalar,
vector, and tensor helicity contributions using the rates in
Egs. (68)—(70). For the scalar component with k = 2, the
number density at reheating is

1 <pend>%gRH”2 T4 1_4
2304v37Mp \M3) 30 " RH

x (8 =87+ 372)2(2 + 7)*V1 — 1, (82)

ns(agy) =

leading to

(ST

T Pend
Qeh? ~0.12 R en
s x (6 GeV ) \(5.2 x 10 GeV)*

)8 <8 x 10"? GeV)7’ (83)

my

x g
1.7 x 10"3 GeV

which coincides with the total abundance in Eq. (81),
confirming that the relic density is dominated by the
helicity-0 mode.

For the vectorlike helicity sector, we obtain

1 Pend %QRH”
_ en T4
nv(aRH) 7128\/§7TMP (M‘},) 30 RH
X124 -7*)* V1 -1 (84)

and

T P 3
Qyh? ~9.1 x 107 -0 e
v S (6 GeV ) \ (5.2 x 105 GeV)*

4 12 3
o my 8 x 10"~ GeV (89
1.7 x 1013 GeV m,

while the tensor component gives

n (a ) _ 1 Pend %gRH” T4
PR 108y3aM, \ M%) 30 R
x (2+17)*V1 -7, (86)

and

T Pend %
Qrh*~1.1x 107 R en
r S <6 GeV ) \ (5.2 x 105 GeV)*

12

my

As expected from the 7 scaling of the helicity amplitudes,
both the vector and the tensor contributions are negligible
compared to the scalar helicity-0 component in the param-
eter space of interest.

Finally, we generalize these results to the case k # 2.
For a general monomial potential V(¢) o ¢*, the number
density at reheating can be written as

k+2) i Pen
n(aRH) — ( ) RH d

1—%1{
5, (88
(k= 1) 576v37M. ) 2 (88)

PRH

where Z’g is defined in Eq. (64). The corresponding dark
matter abundance is
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Qn? =22 x 1017 K+ (Pena) ' (89)
(k=1) \pru
o -
FRH vk
M3 <8 » 1012 GeV) 2 (50)

For k = 2 this expression reduces to Eq. (81).

IV. THERMAL PRODUCTION OF MASSIVE SPIN-2
DARK MATTER

A second production mechanism for massive spin-2 dark
matter operates via scatterings in the Standard Model
thermal plasma, SM + SM — X, + X, also represented
in Fig. 1. In this case the partial tensors Mfw entering the
graviton-exchange amplitude (25) are those in Eqs. (19)—
(21), with i = 0,1/2, 1 corresponding to scalar, fermion,
and vector initial states. The relevant SM particles in the
initial state are the Higgs scalars, gauge bosons, and
fermions. At the beginning of reheating the typical
center-of-mass energies are of order mgy, much larger than
the electroweak scale, so it is an excellent approximation to
treat all SM species as massless. A detailed derivation of
the amplitudes and the resulting thermal production rate is
given in Appendix B.

For scalar initial states we employ Eq. (B4) (neglecting
SM masses compared to the reheating temperature). The
corresponding expressions for massless fermions and
gauge bosons are given in Egs. (B5) and (B6), respectively.
The total thermal production rate is obtained by integrating
the spin- and species-summed squared amplitude over the
phase space of the incoming states [2,87,88],

2
102475

X /|M|2dgl3, (91)

R(T) X /fleEldE1E2dE2d COoS 912

where we assume s>>4m3 with s = (p; + p,)>. The
overall factor of 2 accounts for the two spin-2 particles
produced per scattering. Here E; denote the energies of the
initial and final state particles, 85 and 6, are the angles
between p; and pj in the center-of-mass frame and between
p; and p, in the laboratory frame, respectively, and
dQ,; = 2zd cos 8,5. The incoming particles follow thermal
distributions

1

fi:m, (92)

and the spin- and species-averaged squared amplitude can
be decomposed as

IM|? = 4| M2 4 45| M2 + 12| M

2 (93)

corresponding to N, = 4 real Higgs degrees of freedom,
N; =45 fermionic degrees of freedom, and Ny = 12
gauge bosons in the SM. The explicit matrix elements
and their derivation are summarized in Appendix B.
Carrying out the thermal and angular integrations one
arrives at the compact expression

T16 T14 T12 TIO
RI(T) = + + +
78 m3T® maT*
+ Bs—5 + Po—o + P11 (94)
M3} M3} M3

where the numerical coefficients f; are given explicitly in
Appendix B.

The rate RI(T) sources spin-2 production from the
thermal bath. For concreteness, we focus on the quadratic
case k = 2 and compare this contribution with production
from the inflaton condensate. Following the same pro-
cedure as in the previous section, we insert the thermal rate
(94) into the Boltzmann equation (78), replacing R?* by
RI(T). The temperature as a function of the scale factor is
obtained from the radiation energy-density evolution,

dor | Pr _ Tyry

— 44 —==—" 95
da * a Ha (95)
which we solve in the inflaton-dominated era between a.,y
and ary. Keeping only the leading term in Eq. (94), we find
that the thermally produced spin-2 number density at
reheating is

7/2
28, p
V3at miMy

W (Tar) = (%)

where a = gryz® /30 and we have assumed 4m3 < s ~ T°,
corresponding approximately to m, < Tgry. In this regime
the first term in Eq. (94) dominates, since ; ~ 6.9 x 103 is
numerically much larger than f8;_, ;. The integration is
performed from a.,q to agg. When Try < m,, the upper
limit is instead the scale factor a, at which T = m,.
Using Eq. (80) for the relic abundance, we obtain

QT2 — 5.9 x 106" Lrit) _m2
Thy 1GeV

o710 Tra \M 8 x 102 GeV\’
T 102 GeV ", ’

(97)

where in the second line we have kept only the dominant
contribution proportional to 3. Throughout the parameter
space of interest the relic density generated by thermal
scatterings is negligible compared to the contribution from
inflaton condensate annihilations. This conclusion remains
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FIG. 3. Contours of Q.h*>=0.12 (green area) and

Qpermah® = 0.12 (yellow area) in the (m,, Try) plane.

unchanged for general monomial minima with k > 2, since
the condensate channel continues to dominate over the
thermal one for all cases considered in this work.

We compare the condensate contribution to the dark
matter relic abundance, given by Eq. (81), with the
thermally produced contribution, given by Eq. (97), in
Fig. 3. To remain consistent with big bang nucleosynthesis,
we impose a lower bound on the reheating temperature of
Try Z Tepn ~ 2 MeV [89]. In our scenario, this constraint
implies that the spin-2 dark matter particle cannot be lighter
than m, > 2.7 x 10'> GeV. This channel is unavoidable:
because it is purely gravitational, the inflaton condensate
always annihilates into pairs of massive spin-2 particles at
some level.

V. SUMMARY AND CONCLUSIONS

We have extended the gravitational reheating framework
to include a massive spin-2 dark matter candidate and
quantified its production from both inflaton oscillations and
the thermal bath. The helicity composition of the spin-2
final state plays a pivotal role in the production dynamics.
In particular, we find that the longitudinal (helicity-0) mode
overwhelmingly dominates the gravitational production
rate in the regime of light spin-2 mass. Analytically, the
helicity-0 contribution to the matrix element grows as 7~*
(with z=m3/m3) for 7 <1, whereas the vectorlike

(helicity 4-1) part scales as 77> and the tensor (helicity
=+2) part tends to O(1). This leads to a hierarchy of yields:
as m, decreases relative to the inflaton mass my, the
longitudinal mode becomes dominant; for example, even at
t~1/2 (e, my ~my/ V/2) the helicity-0 channel already
accounts for roughly 2/3 of the total production rate. For
extremely small m,, the spin-2 production is enhanced so

dramatically that the perturbative Fierz-Pauli description
would enter a strong-coupling regime. This behavior is in
stark contrast to lower-spin dark matter scenarios: for
instance, spin-3/2 (gravitinolike) production via gravity
is enhanced by a factor ~m/ms ,, and lower-spin cases do
not exhibit the mass term in the denominator. The spin-2
case therefore represents the most parametrically efficient
gravitational portal, with its small m, production cross
section growing faster than any lower-spin counterpart.

We have calculated the relic abundance of the spin-2
field from reheating-era production. The contribution from
inflaton condensate annihilations is found to far exceed that
from thermal plasma scatterings in all regions of parameter
space we examined. The inflaton-sourced channel contin-
ues to dominate for generic reheating models, including
scenarios with inflaton potentials V(¢) « ¢* (for k > 2)
that yield an extended reheating period. Numerically,
across plausible post-inflationary histories, we find that
gravitational scatterings among inflatons produce an abun-
dance of X, sufficient to account for all of dark matter (for
appropriate choices of m, and Try), while the correspond-
ing thermal production of X, is typically negligible (often
by many orders of magnitude). Only in extreme limits (e.g.,
exceedingly high TRy approaching the Planck scale, or
finely tuned cases where inflaton annihilation is kinemat-
ically suppressed) would the thermal channel become
competitive, and such regimes lie outside the scope of
our minimal scenario.

We therefore conclude that inflaton-mediated gravita-
tional interactions set the leading post-inflation production
“floor” for massive spin-2 dark matter. Requiring that X,
not overclose the Universe yields constraints on the para-
meters. The enhancement from the helicity-0 mode means
that for a given m,, there is an upper bound on Txry
(or conversely, for a given Try there is a lower bound on
m,) beyond which Qy would exceed the observed dark
matter density. For example, in typical scenarios with
my~10" GeV, a reheating temperature Ty ~ 10'> GeV
and a spin-2 mass in the vicinity of the inflaton mass
(within a factor of a few) can yield Qyh? ~ 0.12 naturally,
whereas significantly lighter m, would overproduce dark
matter unless T'ry is correspondingly lower. For stable X,
the lower mass bound is given by Try 2 Tgpn =~ 2 MeV,
which implies that m, > 2.7 x 10'> GeV.

Overall, our results demonstrate that a massive spin-2
particle coupled solely through gravity can be produced
in the correct abundance during reheating, serving as a
viable dark matter candidate. The helicity-0 mode dynam-
ics are the key distinguishing feature of this spin-2 case,
leading to more restrictive cosmological constraints but
also a robust production mechanism that is “guaranteed”
given any inflationary reheating scenario. We have thereby
placed spin-2 dark matter on equal footing with spin-0, 1,
1/2, and 3/2 cases in the context of gravitational portals,
and identified the unique parametric dependencies (notably
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the r-scaling and dominance of longitudinal modes) that
characterize the spin-2 reheating origin of dark matter.
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APPENDIX A: BOLTZMANN EQUATION
FOR A DECAYING INFLATON CONDENSATE

In this appendix, we derive the evolution equation for the
energy density of an oscillating inflaton condensate that
loses energy through perturbative decays and scatterings. In
the main text, these results are applied to the gravitational
production of a massive spin-2 field, but the derivation
itself is completely general and depends only on the
kinematics of the inflaton background.

We assume that the inflaton condensate is spatially
homogeneous and that its decay proceeds perturbatively.
The phase space distribution of the condensate field,
denoted by ¢, can then be written as

folk 1)

where n,(t) is the instantaneous number density of the
condensate quanta and the delta function reflects the fact
that they are at rest in the comoving frame.

Neglecting Bose enhancement and Pauli blocking for the
decay products of ¢, the integrated Boltzmann equation for
the inflaton number density takes the form [90]

= (22)*ny (189 (k). (A1)

fy +3Hn, = — / d¥y 48l M5_apfek 7). (A2)

Here A and B label the decay products, d'¥; 4 5 is the phase
space measure for the initial condensate and the two final-
state particles, and M is the corresponding transition
amplitude. In this setup we ignore backreaction into the
condensate; that is, we neglect processes that repopulate the
zero mode of ¢.

The right-hand side of Eq. (A2) can be expressed more
explicitly as

= &k d’py  dpg
d¥ 2 =
panlMlioss =2 <2n>3n¢<r> (25205 227}

(277)45 (pn pB)

(A3)

where M, is the amplitude associated with the nth
oscillation mode of the inflaton field during a single period
and describes the transition from the coherent condensate
state |¢) to a two-particle final state ).

For the inflaton condensate, we impose the normalization

[

Using this relation and carrying out the integration over k in
Eq. (A2) gives

Sk, 1) = (A4)

. d’pa d’pg
3Hn, = —
ng + ny HZ/ o ’;ZPA 27[ 2p

x (2z)*8%) (p,

—Pa _pB)|Mn 2’ (AS)

where p,, = (E,,0) and E,, is the effective energy carried by
the nth mode of the oscillating condensate.

It is often more convenient to phrase the result in terms of
the energy density of the inflaton condensate. Introducing
the inflaton equation of state parameter w, = p,;/py, the
evolution of p, can be written as

Lo L 3H(1+wy)py = (A6)

The term on the right-hand side represents the energy
transferred per unit time and per unit physical volume from
the condensate to its decay products. We define

AE

—_— A7
V014 ( )

where Vol denotes a four-volume in spacetime and

d’ps d’pp
ae= [ (9 + )
(2ﬂ)32p2 (27)32p% A B

0 f o) fosc))

(A8)

2
X

Here L;, is the interaction Lagrangian that mediates the
inflaton decay, and the final state |f) consists of the particles
produced in the decay.

The energy transfer per unit spacetime volume can be
reorganized as

AE d*pa dpp 0 0
Vol, / @2 @ayapy Pa Tt Pw)

[Se]

m, [} (2m)*5*

.....

X (Zpu,mi —Pa— pB>

i

(A9)
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From this expression one can read off an effective decay
or scattering rate for the condensate [15,84,85],

1 1 ©
r-=— M 2
¢ 87[(1+W¢)p¢8! Z | my,...,m,

my~+--+m, >0

X (Eml +-+ Emn)ﬂm] ..... m,,(mA» mB)’ (A]O)

with the usual two-body phase space factor

(-2 (- ) o

The factor S accounts for identical particles in the final
state. In the main text, A and B are often taken to be two
identical spin-2 particles, which implies & = 2.

To make a connection with the inflaton dynamics used in
the paper, we decompose the oscillating inflaton field as

B(1) = o (1) - P(2),

where P(z) captures the rapid oscillations and ¢g(7) is a
slowly varying envelope that redshifts with the expansion.
Over a single oscillation period ¢, can be treated as
approximately constant. The oscillatory piece is expanded
in Fourier modes as

(A12)

P(t)= Y Pein, (A13)

n=—0o0

with  the fundamental oscillation frequency of the inflaton.

For a potential of the form V(¢) o ¢, one can show that
the inflaton behaves as a fluid with effective equation-of-
state parameter [15,86]

k—2

S —— Al4
k+2 (A14)

Wy

The effective inflaton mass during oscillations about the
minimum is

) = V'(golo) = k- i (0) 7 i
P
and the inflaton energy density can be written as
o) = Vi) = anap (%)
Mp
1

These relations provide the bridge between the microscopic
amplitudes computed from the interaction Lagrangian L,

and the macroscopic evolution of the inflaton energy
density. In the main text we use this framework with
Liy: given by the universal gravitational couplings to the
Fierz-Pauli stress-energy tensor in order to compute the
production rate of the massive spin-2 field for different
choices of the inflaton potential and for various values of k.

APPENDIX B: THERMAL PRODUCTION
OF MASSIVE SPIN-2 PARTICLES

In this appendix we derive the thermal production rate
R of the massive spin-2 field X, from scatterings of
relativistic Standard Model particles in the thermal bath.
We restrict to the regime where all SM species in the initial
state can be treated as massless and consider 2 — 2
processes of the form

SM +SM - X + X. (B1)
The corresponding dark matter production rate is given by
the general expression in Eq. (91), where we assume
4m3 < s and include an overall factor of 2 to account
for the two spin-2 particles produced per scattering event.

The squared amplitudes are conveniently expressed in
terms of the Mandelstam invariants s and ¢. For the process
1 +2 — 344 in the center-of-mass frame we take

4 2
=3 <\/EC05913 _ 1) +m. (B2)
N

s =2EE)(1 —cos0y,), (B3)
where 6, is the angle between the initial three-momenta
and 65 is the scattering angle between p; and ps.

The gravity-mediated squared amplitudes for the SM
initial states enter through the averaged quantity in Eq. (93).
We include 4 real degrees of freedom for the Higgs doublet,
12 degrees for the gauge bosons (8 gluons plus 4 electro-
weak vectors) and 45 degrees for the fermions (6 quark
flavors with 3 colors and their antiparticles, 3 charged
leptons, and 3 neutrinos). The expressions below are
summed over final state polarizations and include the
symmetry factors for both initial and final states. This is
indicated by the bar on |M|>.

For scalar initial states, the total squared amplitude for
gravity-mediated production of a spin-2 pair is

— 1

M02 2 _ 2

MO = it 2
x (180m§ — 120mSs + 46m3s® — 8m3s® + s%)],

(B4)

—1)?(m} —s—1)?

where m, is the mass of the spin-2 particle.
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For massless fermions in the initial state, the correspond-
ing squared amplitude reads

|/\/122|2 x [(2m3 — s — 21)?

576m5M4 s*

x (180m3 — 120mSs + 46m3s? — 8m3s> + s%)
x (2m3t —m3 —t(s +1))]. (BS)
For initial massless gauge bosons, we obtain
L
72m§M
x (180m5 — 120mSs + 46m3 s>

M2 = 5 (= 2031 4 1(s +1))?

—8mis® + s*).
(B6)
Substituting Egs. (B4)—(B6) into the general expression
for the thermal rate, Eq. (91), and performing the phase-
space integrals over the initial-state momenta and scattering

angle, one obtains a compact high-temperature expansion
for the total production rate of spin-2 particles,

. 16 T14 12 TlO
Ry (T) = p +/ + 5 + P4
2 m3M% mSM miMs mMs
T8 m3T® m3T*

+ﬁ5M4 + B M4 + B (B7)

-,
M
where the dimensionless coefficients f; arise from the
angular integration and the thermal averaging over massless

SM species:

po = Do (39)
p=- 20000y, (89)
e
po= =S L) (B11)
5= % (B12)

B ==L (B13)
P = 1814531271' (B14)

The leading T'%/m§M% term reflects the strong enhance-
ment of the cross section at high center-of-mass ener-
gies, while subleading terms encode successively higher
powers of m3/s in the exact result. Equation (B7) pro-
vides the thermal production rate entering the Boltzmann
equation for the spin-2 abundance in the radiation-
dominated epoch.
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