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Assuming axions are potential dark matter (DM) candidate that make up all of the DM abundance, we
discuss production of axions via (i) standard misalignment mechanism during the period of reheating
and (ii) graviton-mediated 2-to-2 scattering of the inflaton and bath particles, where the inflaton ¢
oscillates in a monomial potential V(¢) o ¢* with a general equation of state. Considering reheating
takes place purely gravitationally, mediated by massless gravitons, we explore the viable region of the
parameter space that agrees with the observed DM relic abundance, satisfying bounds from big bang
nucleosynthesis and cosmic microwave background radiation. We also discuss complementarity between
dedicated axion search experiments and futuristic gravitational wave search facilities in probing the
viable parameter space, thanks to the presence of detectable primordial gravitational waves with an

inflationary origin.
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I. INTRODUCTION

The QCD axions [1,2], pseudo-Nambu-Goldstone boson
of the Peccei-Quinn (PQ) solution to the strong CP
problem [3-5] and the axion-like particles (ALP), that
could also arise from the spontaneous breaking of a global
U(1) symmetry, stand out as especially well motivated
candidates for cold dark matter (DM) [6-9]. QCD axions
and ALPs arise in various extensions of the Standard Model
(SM) through spontaneous symmetry breaking (SSB) or
from string compactification [10,11], with a potential of
getting discovered in the next decade (see, for example,
Ref. [12]).

In the standard scenario, axions (by “axions” we col-
lectively refer to QCD axions and ALPs) can be produced
in the early Universe via the “misalignment mechanism,” in
which the QCD axion, or the ALP field modeled as the
classical scalar field due to its bosonic nature and high
occupation numbers, has a nonzero initial field value and
nonzero potential energy, leading to oscillations of the
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field.! For an O(1) initial misalignment angle 6,, the
allowed mass window for QCD axion that produces the
observed DM abundance turns out to be 107% <m, <
1073 eV, when the oscillation begins during radiation
dominated Universe. For ALPs, on the other hand, the
relic abundance depends on three parameters: the decay
constant f,, ALP mass m,, and 6;, leading to strong bounds
on the viable parameter space for 6; ~ O(1). It has been
shown that deviations from standard cosmological histories
can significantly broaden the parameter space for both
axions and ALPs [16-19]. Very recently, Ref. [20] has
pointed out that such a conclusion also holds true if
misalignment happens during the epoch of reheating if
the inflaton ¢ oscillates in a monomial potential of the
form V(¢) o ¢*, that provides a general equation of state
0<w=(k—-2)/(k+2) <1 for the inflaton.

On the other hand, the irrefutable coupling that one can
imagine between matter particles (irrespective of dark and
visible sector) is of gravitational origin, mediated by
massless graviton [24,25]. Such an interaction inevitably
exists between the inflationary sector and axions. A
graviton portal between the inflaton and the SM sector

1Contrary to the conventional misalignment, the axion field
may also possess a nonzero initial velocity in the so-called kinetic
misalignment mechanism [13-15].

The QCD axion itself could have driven inflation as shown
in [21-23].
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can also produce the radiation bath,” completing the
process of reheating even in the absence of direct coupling
between the inflaton and the SM fields. This is dubbed as
the “gravitational reheating” scenario, which has been
shown to be efficient for k = 9(4) [26,27], considering
(non)minimal contribution to radiation. Now, k > 4 implies
a stiff equation state for the inflaton that results in a
significantly blue-tilted primordial gravitational wave
(GW) spectrum, originating from the tensor perturbations
during inflation [28-45]. Although a stiff period during
reheating makes the GW signal potentially observable by
GW detectors, but the very same enhancement also results
in overproduction of GW energy density, which violates
standard big bang nucleosynthesis (BBN) and cosmic
microwave background (CMB) predictions.

Motivated by these, in this paper we have discussed a
scenario where axion misalignment takes place in an
inflaton dominated background during reheating, supple-
mented by an attractor potential for the inflaton. The
reheating takes place purely gravitationally via scattering
of the inflaton condensate into a pair of Higgs bosons,
mediated by massless gravitons, in contrast to [20],
where reheating occurs via perturbative decay of the
inflaton condensate into bosonic and fermionic final states.
Interestingly, the oscillation temperature 7, (and hence
the relic abundance) becomes sensitive to the choice of k
(along with m, and 6;) in case of minimal gravitational
reheating, and to both {k,T,} in case where reheating
takes place via a nonminimal coupling between the Higgs
and gravity (Ricci scalar). We find that the standard
misalignment mechanism during reheating opens up more
parameter space for axions, compared to misalignment
during radiation domination, making up all of the DM
abundance. The overproduction of the primordial GW
energy density around the time of BBN rules out the
minimal reheating scenario, while the non-minimal reheat-
ing remains within the sensitivity of future GW and axion
search experiments. We thus find a complementarity
between axion search and GW experimental facilities in
constraining the allowed parameter space.

The paper is organized as follows. In Sec. II we discuss
the details of gravitational reheating and the generation of
primordial gravitational wave. The mechanism of standard
misalignment during reheating producing viable parameter
space is discussed in Sec. III. Pure gravitational production
of axions, mediated by graviton, is elaborated in Sec. IV. In
Sec. V we discuss the discovery potential of this frame-
work. Finally, we summarize our findings in Sec. VL.

II. POSTINFLATIONARY EVOLUTION
OF THE UNIVERSE

The interaction between all matter fields and the gravi-
tational field can be found by expanding the metric around

*Note that such a process naturally exists irrespective of any
explicit coupling between the inflaton and the radiation bath.

. . . 2h,,

Minkowski space-time 17, as g,, ~1,, + iy where h,,
represents the canonically normalized quanta of the grav-
iton. Consequently, one obtains possible gravitational

interactions from the Lagrangian [24,25]
1
V _gﬁint = _M—Ph;w(Tg;/[ + Tf;)y + T/;(D)’ (1)

where “SM” denotes the SM fields, ¢ is the inflaton while
X represents other beyond the SM (BSM) fields, which in
our case is an axion. Here Mp ~2.45 x 10'® GeV is the
reduced Planck mass. The form of stress-energy tensor 7+
is dictated by the spin of the fields. For a generic spin-0
scalar S, such as the Higgs bosons, the inflaton, or an
axion,” it can be expressed as

1
Tgy = 0"Sd*'S — g |:§ 0"580,S — V(S):| ’ (2)

where V(S) represents the potential of the respective scalar.

For the inflationary potential, we adopt the following
a-attractor T model [46] that provides a plateau region in
the large field limit, leading to quasi—de Sitter expansion
consistent with observation

V() = M5 [tanh (\/6_%]”) } '

1 for ¢ > Mp

~ AM% x k )
P ( ¢£Mp) for ¢ < Mp

(3)

The overall scale of the potential, parametrized by the
coupling 4, can be expressed in terms of the amplitude of
the scalar perturbation power spectrum Ag ~ (2.1 £ 0.1) x

10~ [47] as A ~ fk’if\’és , where N, is the number of e-folds

measured from the end of inflation to the time when the
pivot scale k, = 0.05 Mpc™! exits the horizon. Here
onward we will also fix a = 1/6. The ending of inflation
is marked when d = 0, at which the inflaton field has a
magnitude

b, = \/gMP In B+§(k+ \/P—'F_?;)] 4)

Furthermore, one can compute the effective mass of the
inflaton field by taking the second derivative of the scalar

potential, i.e., mé = g%/ that at the end of inflation turns out
to be my(a = denq) = 10" GeV for above choice of the
CMB observable, with a very mild dependence on the

*For axion this can be considered to be the SM gauge singlet
scalar field that breaks the PQ symmetry via SSB, and the angular
direction of which corresponds to the axion field.
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exponent k. With this setup we will now move on to the
computation of gravitational reheating temperature.

A. Gravitational reheating

In order to track the evolution of the inflaton (p,) and the
radiation (pg) energy densities during reheating, we solve
the following set of coupled Boltzmann equations [48]

dp
dr | 4y 1 r 6
d—+ pr‘f'( +W¢) P> ( )
together with
_|_
H= [Pt Pk (7)
3M;

P¢ __ k=2

Here, w, =% [49] is the general equation of state

= k2
parameter for the inflaton. Since during most part of the
reheating, the total energy density is dominated by the
inflaton, the expansion rate corresponding to the term
3H(1 + wy)p, dominates over the reaction rate (1 + w,)
['yps in Eq. (5). As a consequence, one can solve Eq. (5)
analytically by neglecting the right-hand side and obtain

6k
Aeng \ 72
pﬂwz%m(iﬂ , ®)

a

with corresponding Hubble rate

g\
i) = Ho(*2) ©

Solution of Eq. (6) requires the information of the reaction
rates of inflaton. Since we are interested in the purely
gravitational reheating, i.e., no direct coupling between the
inflaton and the SM states is present, the production rate of
radiation in that case can be evaluated as [50-52]

5k=2
_ s( Py |\ *F
= akM P <A44> s (10)
by considering the graviton propagator for momentum ¢ as

PU 1 Ol PHOU )P0 IV
ot +n 772 o (1)
2q

e (p) =

Here, we have considered the interaction of inflaton with
only the SM Higgs field, neglecting its mass. Consequently,

N, = 4 is considered as the number of internal degrees of
freedom for one complex Higgs doublet. While evaluating
the interaction rate, the inflaton is treated as a time-
dependent external and classical background field, which
we parametrize as

$(t) = ¢o(t) x T(t) =

o(t) > T,emm, (12)

n=—oo

where ¢ (¢) is the time-dependent amplitude that includes the
effects of redshift and 7 (¢) describes the periodicity of the
oscillation. We also expand the potential energy in terms of
the Fourier modes as [49,50,52-55]

V() = ¢0) Z fpk —inwt =py Z pk —inwt, (13)

where the frequency of oscillations of ¢ field reads [49]

ak  TE+7)
?= M\ 3= T "

By solving Eq. (6), using the Eq. (8) together with the
interaction rate (10), one obtains the radiation energy
density as

rmsin(323) )(7)
x {1 - ("ad)_} (15)

One can relate this energy density with the bath temper-
ature via

prla) =" T(a), (16)

where g, is the relativistic degrees of freedoms present in
the thermal bath, and we assume instantaneous thermal-
ization. From Egs. (5) and (6), we note that the thermal-
ization process of the SM particles produced from
the inflaton scattering helps the Universe to attain a
maximum temperature 7',,, right at the end of inflation.
Subsequently the temperature falls to 7'y, where equality
between p, and pp is achieved. As a result, reheating
temperature can be evaluated as

30 M4(pend) (ak\f(k”))%. (17)

T4 =
" g L \M 8k — 14

One can further note that, for a.,y < a < ay,, the temper-
ature evolves as [cf. Eq. (15)]
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(18)

T(a) = Ty, <%>

Purely gravitational scattering process discussed above
may not always lead to efficient reheating of our
Universe. For example, with k = 2, the radiation energy
density produced by inflaton scattering never comes to
dominate the energy density and can not lead to reheating.
For k > 4 reheating from gravitational scattering is pos-
sible. However it is very inefficient, i.e., with k = 6, from
Eq. (17), we obtain Ty, < 1 eV < Tgpy. One actually
needs to go beyond k =9, for which the gravitational
reheating temperature can be found to be 7y, ~ 2 MeV. On
top of that, as we shall explain, the minimal gravitational
reheating scenario is completely ruled out from the over-
production of inflationary GW energy density around the
time of BBN. This motivates us to go beyond the minimal
scenario and introduce a nonminimal coupling.

The nonminimal coupling of Higgs bosons to gravity
(via an interaction of the form &, H"HR, R being the Ricci
scalar [51]) provides an additional channel to reheat with
the rate [51,52]

2N ©
(1+w,)T, =Ry ~M22nw‘2 < PXpy

_471Mj%,n:1
nw)? 2 Py \ T
0P g oy (2) T (19)
2 M

where numerical estimates of the coefficient a,(:’t”) for

different values of k are reported in Table 1 of Ref. [27].
The nonminimal reheating temperature in this case can be

obtained as

30 M4 Pend AI‘ij aih\/g(k+2) % (20)
Porn L\ M3 8k — 14 '

(T3)" =

while the maximum temperature in this case is determined by

2k—1
E o Eigg4 (Pend | ©
pma"‘\/g“kMP< > 12k — 16 \6k -3

k+2 <2k+4>i§f§‘
M3

71.2

=3 Tﬁax 4,
309*( )

(21)
which is O(10'?) GeV, with mild dependence on k [27,50].
With a nonminimal contribution taken into account, we note
that reheating can be completed before the onset of BBN for
k > 4 by tuning the nonminimal coupling properly.

We show reheating temperature as a function of k for
different choices of the nonminimal coupling in the left
panel of Fig. 1, where the black solid curve corresponds to
the minimal gravitational reheating scenario (¢, = 0). The
shaded region, corresponding to minimal gravitational
reheating, is ruled out from GW overproduction as we
shall elaborate in Sec. II B. The right panel shows corre-
sponding maximum temperature 7., for each &,. For
higher &, as expected, the ratio T,/ T, becomes smaller
since T, can be larger in those cases. Thus, for a given k,
thanks to the nonminimal coupling, it is possible to have
Ty much larger than that compared to minimal gravita-
tional reheating scenario. Hereafter, for the nonminimal
case, we will consider {k, T} as free parameters.

1010 ]
---------------------- f ;-—:--1'()3
R : “)2
E """""""""" B
S S| '/' ,»""‘ ”_”-“__; _____
S0 T - i

6 8 10 12 14 16 18 20
k

FIG. 1.

30

25

Left: gravitational reheating temperature as function of k, where each curve corresponds to a fixed nonminimal coupling &, as

indicated in the plot. The shaded regions are forbidden from AN bound due to Planck from excessive production of primordial GW as
discussed in Sec. II B, ruling out the minimal gravitational reheating scenario &, = 0 (solid black curve). Right: ratio of T, to T, as @
function of k for the same choice of nonminimal couplings as in the left panel.
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B. Inflationary gravitational wave

In this section we briefly describe the background theory
for computing the spectral energy density of primordial
GWs emerging from the tensor fluctuations during inflation
(for a review, see, for example, Ref. [36]). GWs are
transverse (0;h;; = 0) and traceless (h; = 0) metric per-
turbations ds® = a?(1)(—d* + (8;; + h;;)dx'dx’). Their
energy density spectrum per momentum mode (at subhor-
izon scales) is defined as [36,56]

1 dpgw(t,k) S
Qaw(t, k)= =
aw (1K) pee dlnk  1242(t)H(1)

A2 (1), (22)
where A%(t, k) is the tensor power spectrum at arbitrary
times, defined as

texni(ex) = [ Faden.  (23)

with (...) denoting an average over a statistical ensemble.
One can factorize the tensor power spectrum as [57,58]

AG (1. k) = Ty(t. k) AF e (k). (24)
with
Tt k) = % ("7‘1)2 (25)

the transfer function [36,56,58] (1/2 appears due to
oscillation averaging the tensor mode functions) and
A%z,inf(k) representing the primordial tensor spectrum from
inflation [36]

2 (Hinp\?( k\™
A2 (k) ~2 inf -~ 26
h,mf ( ) 77,'2 (MP > (k ) ’ ( )

p

where n, is the spectral tilt, k, denotes a pivot scale of the
order Hubble rate at the time of CMB decoupling, and H,,;
represents the Hubble rate when the mode k, exited the
Hubble radius during inflation. For simplicity, we shall
assume an exact scale-invariant inflationary spectrum or, in
other words, n, = 0. The GW background modes produced
from such tensor fluctuations can cross outside the horizon
during inflation when k£ < aH holds and can be considered
as classical modes. Subsequently, at a later time after
inflation, these modes reenter the horizon (k > aH) and
form a stochastic background.

Now, any extra radiation component, in addition to those
of the SM, can be quantified in terms of the AN;. Since
GW energy density scales the same way as that of free
radiation, it is possible to put an upper bound on pgw as an
extra radiation component at the time of BBN and/or CMB
decoupling. This can be done by computing the total
radiation energy density in the late Universe as

7 (T,\*
Praad(T < m,) = p, +p, + pow = 1+§ T Neti | pys
v

(27)

where p,, p,, and pgw correspond to the photon, SM
neutrino, and GW energy densities, respectively, with
T,/T, = (4/11)"/3. Within the SM, taking the noninstan-
taneous neutrino decoupling into account, one finds N3N =
3.044 [59-67], while the presence of GW results in a
modification

8 [11\3 T
s (). o
14

The above relation can be utilized to put a constraint on the
GW energy density red shifted to today via [32,36,68]

<h2ﬂGw>
Pe

which leads to Q{0 #? ~5.62 x 106 AN ¢, where Q"' h? ~
2.47 x 1073 is the relic photon abundance at the present
epoch while f = k/(2ray) is the present day frequency of
the physical wave number k. Here f,,, corresponds to
maximum frequency that reenter the horizon right after the
end of inflation when k., = dcnqHend> and is given by

4
3

. fmax g

QB2 AN
0 fBBN f

eothn<1(2)
(29)

H(Tmax) @
2z ag ’

Smax = (30)

while fpgn =2 x 107!! Hz, corresponds to the mode
kgpn = apgnHppn at the time of BBN. Using the present
CMB measurement from Planck legacy data [47], we find

QO 2 <2 % 107, with AN ~0.34.5 Now, the ratio of
the GW energy density to that of the radiation bath is given
by pew/pr = (M%/pR)(kﬁc/S)A%,infUC) [27,56], where
kne = apcHyp 1s the momentum mode, calculated at the
moment it reenters the horizon (“hc” denotes horizon
crossing). If horizon crossing occurs during radiation
domination kﬁc x pr, then the GW spectrum becomes
scale invariant. On the other hand, if horizon crossing
occurs during the inflaton-dominated era, the GW energy
density is enhanced by a factor of p,/pg evaluated at T,

>0On inclusion of baryon acoustic oscillation data the constraint
becomes more stringent: N =2.99+£0.17. A combined
BBN + CMB analysis shows N = 2.880 £ 0.144 [69]. Up-
coming CMB experiments like CMB-S4 [70] and CMB-HD [71]
will be sensitive to a precision of ANy ~0.06 and AN 4 ~
0.027, respectively. The next generation of satellite missions,
such as COrE [72] and Euclid [73], shall improve the limit even
further up to AN < 0.013.
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As a result, the largest enhancement occurs for the mode
that reenters the horizon right after inflation at 7',,. For
minimal gravitational reheating (£, = 0), such enhance-
ment turns out to be penq/pr = (4-6) x 10'3 for k € [6, 20),
resulting in Qgwh” =~ (8-10) x 1076 [27]. This is in clear
conflict with the present bound from Planck on AN,
as discussed above. The constraint can be relaxed by
increasing the value of T, since in that case the energy
density of GW relative to that of radiation at T',,, becomes
smaller, compared to the minimal gravitational reheating
scenario. The region labeled as “inconsistent reheating” in
Fig. 1 thus corresponds to &, < 0, which is forbidden from
AN bound due to Planck on excessive GW production
(shown in blue).

Before closing this section, it is important to highlight for
k > 4, the inflaton energy density redshifts faster than
radiation, and the equation of state rapidly evolves from
some stiffer fluid w, > 1/3 to wy, = 1/3, and the Universe
is dominated by massless inflaton particles (not a condensate
anymore), with energy density redshifting as a=* [74,75].
These free particles are produced as a consequence of the
self-interaction of the inflaton, a process known as frag-
mentation. A detailed study of such processes, taking into
account the effect of parametric and tachyonic resonance,
requires dedicated lattice simulations and has been studied,
for example, in Refs. [74-81]. This, however, is beyond the
scope of the present paper.

III. AXIONS CONFRONTING
GRAVITATIONAL REHEATING

Having discussed the details of the gravitational reheat-
ing scenario, we will now move on to the discussion of
producing QCD axions (and axion-like particles) via
standard misalignment mechanism during the epoch of
reheating. Our main focus is to explore the relevant
parameter space where all of the observed DM abundance
is produced by axions, when misalignment happens during
the era of inflaton domination. Before moving on, we
would first like to give a brief review of the axion model,
mentioning some of the relevant quantities to take into
account.

The Lagrangian density for axion field reads [82]

L,> %aﬂaaﬂa — (T2 {1 — cos (%)] (31)

a

which leads to equation of motion of the zero modes as

0+ 3HO + m2(T) sing = 0, (32)
where 6(t) = a(t)/f, and f, denotes the decay constant.
Here, the temperature dependent mass of the axion is
denoted by 7, (T), which, for the QCD axion, is shown to
be dependent on the topological susceptibility of QCD
x(T) via [83]

Ma(T) = N 2(T)/ fa- (33)

The lattice QCD simulations have provided an estimates of
the zero-temperature value of y(7'), which is given by y, =
7(0)~0.0245 fm™ in the symmetric isospin case.
Subsequently, the form of the 7,(7T) is found to be

(chd/T)4 for T > chd

n,(T) >~ m, X , (34
g (T) o m {1 for T < Tyeq (34)

with m, representing the axion mass at zero temperature
and is given by [84]

1 12
m, ~5.7x107° <w> ev.

a

(35)

Following Eq. (32), axion begins to oscillate at the
temperature T = T oy defined by 3H (T o5 ) = i, (T osc) [85].
Assuming a radiation dominated Universe, the correspond-
ing oscillation temperature can be evaluated as

1/2
(% V lo/g*(Tosc)maMP> Tosc < chd

Tosc = ’

1/6
(% V lo/g*(Tosc)maMPTgcd> Tosc 2 chd

(36)

where the Hubble expansion rate takes the form
H(T) = \/px(T)/(3M3%). Below T, the axion can be
considered as a nonrelativistic particle. Considering the
conservation of the axion number density and assuming
conservation of SM entropy, the energy density for such
nonrelativistic axions p, at present is given by

Mg 5(To)
”ha<Tosc> S(TOSC)

pa(TO) = pa(Tosc) ’ (37)

with T, representing the temperature today and the SM
entropy density is defined as

27>
S(T) = Eg*s(T)T3,

(38)
where g,,(T) denotes the corresponding number of rela-
tivistic degrees [86]. The Wentzel-Kramers-Brillouin
approximation leads to p, (7o) =3 M2(Tos) f207, where
0; is the initial misalignment angle [84,87]. Eventually,
using Eq. (37), the axion abundance can be found to be

095029-6



TESTING AXIONIC DARK MATTER DURING GRAVITATIONAL ...

PHYS. REV. D 109, 095029 (2024)

Pec

-3/2
0.002 x (sgg) ™" for m, < i

X

(39)

-7/6 d ’
my > ,,49¢
0.09 x (56 peV) for m, = mg

with  m3 = m,(Toe = Tqea) ~4.8 x 10711 eV and
9y (Tgea) = 25. Here p./h? > 1.1 x 1075 GeV/cm® is the
critical energy density and s(7) ~ 2.69 x 103 cm™ is the
entropy density at present [88].

Next, we take up the scenario when the oscillation of the
axion starts during the reheating period, i.e., T > Tp,- In
this case, the axion energy density at present epoch reads

mg S(TO)

X S(TOSC)
’/ha<TOSC) S(TOSC)

S(Trh) ’

pa(TO) = pa(Tosc) (40)

where the last factor takes into account the dilution of the
axion energy density due to the entropy injection as a result
of energy transfer from the inflaton to the bath. This
dilution factor can be determined as

S(T) g, (1) (1)3<“<T>>3— 9os(T)_ ()

S(Trh) - g*s(Trh) Trh Arh g*S(Trh)

where we have used Eq. (15). Note that since the nontrivial
expansion of the Universe is the sole reason for the dilution
of radiation, the factor accounting for entropy injection is
simply ratio of d.o.f.s, unlike the case in [20]. Now, one can
further consider two subcases depending on the hierarchy
between T'.q and T os. Below we discuss them one by one.

A. Scenario I

We first consider the case Tyoq < T, for which the
axion mass shows a temperature dependence 71, =
my(T/Tqeq)™*. One can then obtain the expression for
oscillation temperature as

24k
1 [ 10 mMpT\ ™"
Tose =T | = 6 4 . (42)
T g*(Trh) Trh

Note that, this scenario can be further classified as: Ty, <
Tyea < Tose and Tyeq < Ty < Toge- The first inequality
provides

24k
(1 [ 10 =
Tqu ; mmuMp < Trh < Tqu’ (43)

while from the second inequality we get

1 [ 10 e
chd < Trh < (; mmaMPT30d> . (44)

B. Scenario II

In the second case, Tqcq > Ty, the axion mass remains
constant. In this case we can again derive an analytical
expression for the oscillation temperature as

k2
1 [ 10 mmp\ ™
Tose =Ty <; g (T ) T2 ) , (45)
*\{ rh rh

for i, = m,. Using the inequality T, < T, one finds

ra< (o) Vit (49

ﬂzg*(Trh)

while Ty < Tyq further provides

k+2
3k 10 Mp\ ~*
To < To, MaZe) (47
g*(Trh> T

In Fig. 2 we show QCD axion oscillation temperature as a
function of the scale f,. In the left panel we consider
standard radiation dominated Universe, while in the right
panel we consider an inflaton-dominated background. In
either cases we see a bend around Ty = Toq due to the
change in the temperature dependence of the axion mass. In
the right panel we note, depending on the choice of k (that
decides steepness of the inflaton potential) the oscillation
temperature changes, following Eqs. (42) and (45). The
analytically derived expressions for 7. are denoted with
the red dotted lines for one of the values of &, showing the
agreement between analytical and numerical results. The
gray shaded region in both plots is forbidden as it surpasses
the Planck scale. While k> 9 is necessary to have
successful BBN in case of minimal gravitational reheating,
as k grows, Ty, starts increasing till it reaches k ~ 12, above
which T, > T, rendering the oscillation to take place
during radiation domination. So, in case of minimal
gravitational reheating our parameter space is confined
within 9 < k < 12 (this is more prominent from the right
panel of Fig. 3, which will be discussed in a moment), for
which misalignment happens during reheating. In case of
gravitational reheating via nonminimal coupling, one can,
however, go to higher k values.

Utilizing Eq. (40), we can obtain the relic abundance for
Trh < Tosc as
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FIG. 2. Left: QCD axion oscillation temperature as a function of axion mass in radiation dominated background. Right: same as left,
but in an inflaton dominated background for different choices of k(=T,), considering minimal gravitational reheating. The red dotted
lines correspond to analytical solutions [cf. Egs. (42) and (45)]. The brown horizontal lines correspond to Ty, = Ty, for k = {9, 10}
from bottom to top. For each case the arrowheads show the region of parameter space where oscillation happens during reheating.
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FIG.3. Left: the black curves satisfy the observed relic abundance for 6; = 0.1 (thick) and 0; = /+/3 (dashed), considering minimal
gravitational reheating. The gray shaded regions are disallowed from BBN bound on Ty, (k > 9) and super-Planckian scale f, > Mp.
Along each vertical gray dashed line total relic abundance is produced if oscillation takes place during radiation domination. Right:
contours producing observed relic abundance in the case when the radiation has nonminimal contribution to radiation for f, =
{10',10"2} GeV (depicted by black and red contours). The solid and dashed patterns represent §; = 0.1 and ; = 1, respectively. The
red shaded region is ruled out from BBN bound on AN for overproduction of GW. The gray shaded region is ruled out from BBN
bound on 7'y, 2 4 MeV. The gray dashed curves correspond to exclusion limits from future GW detectors. In both cases the region of
parameter space of our interest (7, > Ty,) is shown by arrowheads.
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where we have fixed k = 10, which also fixes T, =
0.05 GeV in case of minimal reheating scenario. In the
left panel of Fig. 3 we show parameter space in the [k, f,]
plane that reproduces all of the Planck observed relic
abundance (shown via black curve), considering misalign-
ment happens during gravitational reheating. As we see, a
larger initial misalignment angle shifts the parameter space
to lower f, (or heavier axion mass) since the relic
abundance varies inversely with m,, for a fixed 6;, as seen
from Eq. (48). We show contours corresponding to 7'y, =
Ty, and Ty = Tyq via blue and orange broken curves,
respectively. As a result, parameter space of our interest
(Tose > Tyy) lies below the blue dashed contour. The
shaded regions are disallowed from 7y, < Tggy (0r, €quiv-
alently, k <9) and f, > Mp. For each k, we denote
corresponding T, (fixed for £, = 0) along the right vertical
axis. The gray vertical dashed lines show required f, that
can produce the observed relic abundance if the oscillation
happens during radiation dominated background. For the
same axion mass, gravitational reheating thus opens up
larger parameter space, satisfying DM abundance. More
precisely, for 6; = z/+/3, misalignment during radiation
domination (RD) produces right abundance for f, ~
102 GeV (equivalently, m, ~4.2 x 107% eV), whereas
for minimal gravitational reheating this window becomes
109 < £, <102 GeV (or, 107 <m, <107° V). In the
right panel of Fig. 3, the red and black curves correspond to
contours producing observed DM abundance for different
choices of @;, where we fix f, = {10'",10'?} GeV. Here
we consider nonminimal contribution to the radiation,
and show the resulting parameter space in [Ty, — k] plane.
The relic density satisfying contours correspond to
0, = {0.1,1.0}, shown via solid and dashed pattern,
respectively. As mentioned in Sec. II, for each k, in case
of nonminimal gravitational reheating, one now has the
freedom to choose an appropriate &, that can provide the
desired T'; (larger than that corresponding to minimal
reheating scenario). The region below the blue dashed line,
parallel to the horizontal axis, indicates T, > T,. Here we
see that a larger ; requires a larger Ty, as one can infer
from Eq. (48). Also, for a fixed 6,;, lower f, (higher m,)
requires a lower T, in order to produce right abundance,
again following Eq. (48). As one can notice, the AN
bound plays a very crucial role in constraining the viable
parameter space, ruling out #; < 0.1 for both fs.

Finally, we turn our attention towards ALPs, for which
we consider the mass m, to be time independent. For
oscillations during reheating 7y, < T, we find the oscil-
lation temperature to be

n
5.6 peV

qed
for m, Smy

(48)

TgpN ~

k2

To. =T, |Mael |10 M (49)
o Ts 2\ gl(Tw)|

same as Eq. (45). This puts a bound on the reheating
temperature, which in turn can be translated into a lower
bound on the ALP mass via

g, TZBBN
10 Mp -~

Tepn STih S Tose = My 2 (50)

The ALP energy density at present day reads

S(TO) g*(Tosc)
S(Tosc) g*(Trh)

pa(TO) = pa(TosC) ’ (51)

with p, (T o) =~ (1/2)m2 262, this turns out to be

~ 452/ Gx (Tosc)
Ty 4r g*(Trh)g*s(Tosc)

2+k
k

10 mMp\ ", fim]
g*(Trh) Tfh l Tsh

k2 E g* (T()sc) ﬂzg* (Tl’h)
4 g*(Trh)g*s(Tosc) 10

Pa
s

2
2 fama
i .
TwMp

0 (52)

In case of ALPs, f, and m, can vary independently, that
makes following set of parameters free: {m,, f,,0;, k} for
minimal and {m,, f,,0;, k, Ty} for nonminimal reheating
scenarios. From Eq. (51) we find, in order to satisfy the

observed DM abundance, f2 o mza‘_'k, implying a larger f,
requires lighter ALP for a fixed k > 2 (and 6,). This is what
we see in the top panel of Fig. 4, where the black thick
contours satisfy the observed relic abundance for different
choices of k with fixed 8;s. Corresponding to each k values,
we also show contours satisfying 7, = T, in blue. Since
the minimal reheating scenario fixing k fixes the reheating
temperature, we see simple straight line contours parallel to
the f, axes. The change in slope for each contour occurs at
Tosc = Ty, indicated by the blue vertical straight lines. To
the left of each vertical line oscillation occurs during RD,
while to the right during reheating. The parameter space of
our interest therefore lies to the right of each blue vertical
line. In the bottom panel of Fig. 4 we show contours of
correct relic density for different choices of f,, while fixing
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FIG. 4. Top: the black contours satisfy the observed relic abundance in case of ALPs for different choices of k shown by different
patterns for the minimal reheating scenario. Here we choose 6; = {0.1, 1} in the left and in the right panel, respectively. The blue vertical
straight lines correspond to T, = T, for each k. The gray shaded region is discarded by super-Planckian bound on f,. Bottom:
contours producing observed relic abundance for 0; = 1, m, = 1 eV (left panel) and m, = 1 GeV (right panel), for different choices of
[ shown with different patterns. Other constraints are same as those appearing in Fig. 3. In all cases the region of parameter space of our

interest (T, > Typ,) is shown by arrowheads.

m, for a given 6; =1, now considering nonminimal
gravitational reheating. Again, the allowed parameter space
lies below the blue dashed curve, for which T, = Ty,. As
we see, for m, = 1 eV (bottom left panel), f, < 10° GeV
is completely ruled out from BBN bound on T, together
with AN constraint on GW energy density, irrespective of

the choice of k. This can be relaxed by considering a
heavier m, = 1 GeV, as seen from the bottom right panel.
The reason being, the relic density isocontours satisfy
f2m, «x Ty, for a fixed ;, following Eq. (52). Therefore,
for the same choice of f, and 6;, heavier ALPs require
higher T, to produce the right abundance.
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IV. PURELY GRAVITATIONAL AXIONS

To this end we have discussed axion production via
standard misalignment mechanism in an inflaton-domi-
nated background. However, due to the inevitable gravi-
tational interactions, through Eq. (1), axions are also
produced via gravity-mediated 2-to-2 process, which we
refer to as purely gravitational production of axions. Such
purely gravitational production can happen from (i) thermal
bath and (ii) scattering of the inflaton condensate. Below
we discuss the details of each such processes and obtain the
resulting parameter space.

A. Thermal scattering

In case of production from thermal bath due to scattering
of the SM particles mediated by gravity, the rate of
production reads [51,89]

T _ 39977 T_SZ T_8 (53)
“ 7 41472000 M4~ PO MY

Since we are interested in axion production during reheat-
ing, it is instructive to consider the comoving axion number
N, =n, xa’> as the entropy is not conserved during
reheating. To track the comoving axion number, we solve
the corresponding Boltzmann equation

dN. 2RT
@Na _ 4 Na (54)
da H
One can then find the axion number density 7, at the end of
reheating as [27]

nT(a):ﬁ0<k+2)pzh< 1 )2
AT VAMAe? \1 - ot
[ 2(7 — 4k)? o9
(k+5)(k-1)(5k-2) (k+5)
18 14k 1 28-16k
e L e L

where we have made use of Eq. (15). Since the gravitational
reheating temperature is generally quite low (cf. Sec. II A),
considering a > 1 we obtain

3 A2

I’lZ;(arh)_lz\/gM%a% (k+5)(k—1)(5k=2)"

where @ = dy,/deng = (Hena/Hu )39 [cf. Eq. (9)] and
Ay = (752/3())9*(Trh)~

B. Inflaton scattering

For gravitational production from inflaton condensate
scattering, viz., ¢p¢p — aa, the particle production rate per

unit volume and unit time for arbitrary k reads [27,50,51]

¢k . 2/)55
“ 167tM‘1E

5%, (57)

where

= 2m2\ 2 4m?
k= Z [Pk 2 <1 + E;) -2 (59
n=1 n n
The factor of 2 accounts for pair production. Here E,, = nw
is the energy of the nth inflaton oscillation mode. Note that,
such a production is possible only during reheating and not
after, unlike the production from radiation bath that can
take place both during and postreheating. The evolution of
comoving axion number produced from inflaton scattering
mediated by graviton reads

dN, B azR{apk
da  H

(59)

Again, the number density of axions at the end of reheating
can be computed as

3/2 _1
wblan) = Y3 K+2 (pan\ o
IR ME, 6k — 6\ pyy 0

Taking both contributions into account, we determine the
gravitationally produced axion relic abundance as

8 g*(TO) na(Trh)ﬁ’la(Trh)
9x(Ty) T3 1GeV '’
(61)

QM =0Tn+ Q%2 =1.6x10

where ny(Tw) = 3141y nh(Ty). It is interesting to note
that the ratio of axion number density produced from
thermal and from inflaton scattering reads

8(7 — 4k)? =
-~ ﬂz()”k ( ) <prh> k < 1’ (62)
n‘f,’ 0{*203(5 +k)(5k_2) Pend

ng

since pgng > pyr- This implies that purely gravitational
production of axions is always dominated by the scattering
of the inflaton zero modes.

Now axions produced from inflaton scattering during
reheating are relativistic as the average momenta they carry
is of the order of the inflaton mass, which is ~10'3 GeV at
the beginning of reheating. Such a (semi)relativistic pop-
ulation of axions at CMB decoupling behave as dark
radiation and contribute to AN . Following the analysis
in Refs. [90,91], the average thermal velocity of axions
today (v,o) is related to AN and relic abundance
(V40) 25.62 X 1078 x (AN /Q,h?), where we assume
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FIG. 5. Parameter space in [Ty, — k| plane, where ALP pro-
duced via standard misalignment can coexist with (semi)relativ-
istic ALPs produced from inflaton scattering during reheating.
The gray dashed contours (labeled as Q™) correspond to
underabundance for ALPs produced purely via gravitational
scattering. The red dashed contours provide right relic abundance
for ALPs produced entirely from misalignment during reheating
for 8; = 0.5 (lower dashed contour) and 8; = z/+/3 (upper dotted
contour). We take m, = 107> MeV and f, = 10!° GeV for all
curves. The region of parameter space of our interest (7, > Tyy,)
is shown by arrowhead.

the axions are relativistic/semirelativistic at photon decou-
pling, a legitimate assumption for masses around the eV
scale. Such a population of (semi)relativistic axion is
distinguishable from CDM if (v,) = 1 km/s. Since the
axion number density: n, o T% /M3, in the limit of large k
[cf. Eq. (60)] and m, << M p, for purely gravitational QCD
axions Q,h* < 107'%. This is however not true in case of
gravitationally produced ALPs, since their masses can be
large enough, independent of the choice of f,. In Fig. 5 we
show parameter space where the coexistence of misalign-
ment and gravitationally produced population of ALPs can
happen for a benchmark value of mass m, = 0.01 MeV for
scale f, = 10! GeV. For these choice of parameters,
ALPs produced via misalignment during reheating can
produce the observed relic abundance for §; = [0.5, z/+/3].
We therefore show underabundant contours for ALPs
produced purely from gravity. We thus see two populations
of QCD axions: one cold, via the standard misalignment
mechanism during reheating, and the other originating
purely gravitationally from scattering of inflaton can
actually coexist.

V. EXPERIMENTAL LIMIT
ON THE PARAMETER SPACE

In this section, we wish to explore the possibilities of
probing the parameter space satisfying the observed relic
abundance, for axions produced via standard misalignment
during gravitational reheating, at the present and proposed
axion search facilities. In order to do that, we examine the
interaction of axions with two photons, a highly utilized
channel for detecting signatures in both observational
studies and experimental investigations. The Lagrangian
for such an interaction has the following form [84,92]

1 .
‘Cay ) _ZgayaF/wF/w = gayE - B, (63)

where the coupling strength g,, is model dependent and is
related to the PQ scale f, as [93]

10" GeV
fa

where z = m, /m, is the ratio of quark masses, and E and N
are the electromagnetic and color anomalies associated
with the axion anomaly. For Kim-Shifman-Vainshtein-
Zakharov (KSVZ) models E/N = 0 [94,95], whereas for
Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) models E/N =
8/3 [96,97]. For ALPs, on the other hand, one can relate the
ALP-photon coupling with the PQ scale f, via [98]

a |E 2z+4
=——|—-—2"—| 21078 GeV™!
|gay| Z”fa |: :| €

4
N 3z+1 (64)

ale,|
— 65
2xf,’ (65)

|9ar| =
where |c,| can vary between 1 and 10. We map our viable
parameter space on a bidimensional plane of [g,,,m,], on
which we further project limits from different experimental
facilities.

In the left panel of Fig. 6 we show reach of existing and
future experiments in probing the relic density allowed
parameter space for QCD axions produced via misalign-
ment during nonminimal gravitational reheating. In
obtaining the parameter space, we have scanned over a
range of k € [6,20] and Ty, € [107%,10'%] GeV along with
0;€[0.5,7/+/3]. The vertical green shaded band corre-
sponds to right relic density for QCD axions produced via
standard misalignment mechanism during radiation domi-
nation. As mentioned before, oscillation during gravita-
tional reheating broadens the window of QCD axion mass
(equivalently, the PQ breaking scale) satisfying the
observed relic abundance. This is what is reflected here
as well. The thick red slanted band is the allowed parameter
space that satisfies T, > Ty, > TN However, when the
bound Qg)\),\,h2 >2x 107® is imposed on top of that, the
parameter space is confined within the blue band. As we
see, a part of the viable parameter space is already con-
strained from existing limits from Haloscope experiments
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Left: parameter space producing right relic abundance, considering gravitational reheating for QCD axion for

E/N = {0,8/3}, corresponding to KSVZ and DFSZ models, respectively. The red thick band is disallowed from AN bound
from Planck on Qgw, while the blue thick band is the viable part of the parameter space. The green shaded band shows axion DM
parameter space for standard misalignment during radiation domination. We project limits from a few proposed and existing axion
search experiments and astrophysical bounds. Right: same as left panel but for ALPs, where the blue dashed lines correspond to right
relic abundance produced from standard misalignment during radiation domination for |c,| = 1 and 6; € (0.5, 7/ V/3]. The cyan and
orange shaded bands show parameter space where observed DM abundance can be obtained for misalignment during reheating for
k = {8,12}, with Ty, = {Tggn, 10 GeV}, respectively. In all cases we scan over 6; € [0.5, 7/+/3].

like ADMX [99], CAPP [100], ORGAN [101], as shown
by the gray shaded region, while the darker red shaded
region is the future projection from Haloscope experiments.6
Proposed experiments like DMRadio [102] (shown in
orange) or future projection from broadband axion-search
experiment ABRACADABRA [103] (shown in blue) are
capable of constraining the parameter space further.
Finally, in the right panel we show relic density allowed
parameter space for ALP for two representative values of
k = {8, 12}, shown via cyan and orange bands, respectively.
In this case we consider the entire abundance of ALP is
produced through standard misalignment during gravita-
tional reheating. For k = 8 scenario we choose Ty, = T'gpn.
whereas for k = 12, Ty, < 1 GeV is disallowed from AN
bound on GW energy density (cf. Fig. 1). We therefore
choose Ty, = 10 GeV corresponding to k = 12 scenario. In
all cases we have considered |c,| = 1 and scanned over the

initial misalignment angle 6; € [0.5, 7/+/3]. The first notice-
able feature is that, similar to the case of QCD axions,
more parameter space becomes available for ALPs when
the misalignment occurs during gravitational reheating.
However, since m, and f, now can vary independently,
the resulting parameter space is broader compared to the
QCD axion case. The important point here is to note that, for

6See, for example, Ref. [93] for a review on experimental
searches.

smaller k, it is possible to produce the observed abundance
with lighter ALPs, a feature we already noticed in the top
panel of Fig. 4. As a result, here we see, with k = 12, right
relic density is obtained for m, = 107! eV, while for
masses below this, oscillation happens during RD and the
resulting parameter space therefore overlaps with the blue
dashed curves (unshaded) labeled as “Standard RD.”
Another point to note here is that a lower 7'y, requires larger
Jay to produce the right abundance for a given mass. This is
expected because from Eq. (52) we can already see that the
relic density goes as Q,h*  1/(g,,T%), hence the k = 8
band (with T, = Tgpn) lies above k = 12 band (with
T4 = 10 GeV). Regarding the experimental probe, a part
of the parameter space for k = 8 is already ruled out from
present Haloscope experiment, while the rest of the param-
eter space remains well within the reach of future sensitiv-
ities from DMRadio, ABRACADABRA and Haloscope
experiments. Larger k, on the other hand, is still outside the
reach of futuristic experimental facilities as in that case even
smaller g,, is required. The precise message here is crucial:
any potential discovery of axions in this mass range through
futuristic experiments shall not only imply a signature of
new physics beyond the SM but also hint towards gravita-
tional reheating and therefore the inflationary paradigm that
may have complementary validation from the detection of
primordial gravitational waves in proposed GW detection
facilities.
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VI. CONCLUSIONS

In the simplest scenario, a lone scalar field drives
inflation, and the interaction between that scalar field
(namely, the inflaton) with the SM fields is crucial for
successful reheating at the end of inflation. However, even
without an explicit inflaton-visible sector coupling, gravity-
mediated processes can efficiently heat up the Universe after
inflation. This gravitational reheating emerges as a minimal
and inevitable mechanism for obtaining our current
Universe. In addition to the SM particles forming the
radiation bath, fields beyond the SM can also be produced
through a similar graviton-exchange process, highlighting
the democratic nature of gravitational interaction.

With this underlying motivation, in this work we have
discussed a scenario where axions that arise as an elegant
solution to the strong-CP problem and can serve as a viable
cold DM candidate are produced via standard misalignment
mechanism during the epoch of reheating. We consider the
production of radiation bath purely gravitationally, i.e.,
from the scattering of inflaton condensate to Higgs final
state, mediated by massless graviton. We find that misalign-
ment during gravitational reheating offers a larger window
for axion mass and for a natural choice of initial misalign-
ment angle 6; ~O(1) compared to the scenario where
misalignment takes place in a radiation-dominated
Universe. As the inflaton ¢ oscillates in a general mono-
mial potential ¢*, its equation of state mimics that of a
stiffer-than-radiation fluid for k > 4, a value that is anyway
required to reheat the Universe prior to BBN via purely
gravitational coupling. Such a stiff background equation of
state results in a blue-tilted primordial GWSs, having infla-
tionary origin, that rules out the minimal gravitational
reheating scenario due to BBN bound on GW energy
density, encoded in AN . For a nonminimal reheating
case, however, this puts a bound on the parameter space

satisfying relic abundance, constraining typically smaller
0;s (see Figs. 3 and 4). Due to irreducible gravitational
interaction, apart from standard misalignment, axions are
also produced via gravity-mediated scattering of the bath
particles and inflaton. Such axions are semirelativistic in
nature, and can be distinguishable from cold axions
produced via misalignment. However, these two popula-
tions of axions, namely (semi)relativistic and cold, can
effectively coexist (see Fig. 5). Once again, overproduction
of primordial GW energy density plays an important role in
constraining the resulting parameter space.

We discuss the discovery potential of our setup at present
and future axion search frontiers and find out that
Haloscope experiments are quite capable of ruling out
and/or constraining the parameter space for both QCD
axion and ALPs (see Fig. 6). A large part of the parameter
space that is within the reach of (future) Haloscope
experiments, can also be probed at several GW detectors,
or ruled out from GW overproduction (AN bound). In
conclusion, our framework not only provides a comple-
mentary avenue for axion searches, but any potential
discovery of axions at any of these experiments can also
validate a nonstandard cosmological epoch during reheat-
ing, prior to the onset of BBN.
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