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Pole Inflation from Broken Noncompact Isometry in Weyl Gravity
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We propose the microscopic origin of the pole inflation from the scalar fields of broken noncompact
isometry in Weyl gravity. We show that the SO(1, N) isometry in the field space in combination with the
Weyl symmetry relates the form of the nonminimal couplings to the one of the potential in the Jordan
frame. In the presence of an explicit breaking of the SO(1, N) symmetry in the coefficient of the potential,
we realize the pole inflation near the pole of the inflaton kinetic term. Applying our results to the Higgs or
Peccei-Quinn (PQ) inflation models, we find that there is one parameter family of the solutions for the pole
inflation, depending on the overall coefficient of the Weyl covariant derivatives for scalar fields. The same
coefficient not only makes the predictions of the pole inflation varying, being compatible with the Planck
data, but also determines the mass of the Weyl gauge field. We also show that the isocurvature perturbations
of the axion can be suppressed sufficiently during the PQ pole inflation, and the massive Weyl gauge field
produced during reheating serves as a dark matter candidate.
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Introduction—Inflation has been a main paradigm for the
early universe by which various problems in the standard
Big Bang cosmology are solved and the initial conditions
for the flat, homogeneous, and isotropic universe can be
explained. A slowly rolling scalar field, the so called
inflaton, is required to derive inflation, and its quantum
fluctuations generate necessary inhomogeneities observed
in the cosmic microwave background (CMB) and large
scale structures. Higgs inflation with a nonminimal
coupling [1] has drawn a lot of attention because it shows
a possibility that inflation is realized by the Higgs field
within the standard model (SM), but a consistent picture
beyond Higgs inflation should emerge due to the problem
with large nonminimal coupling [2—4].

There is another class of inflation models where the
inflaton has a conformal coupling to gravity [4,5], so that
inflation takes place close to the pole of the inflaton kinetic
term in the Einstein frame. This is dubbed pole inflation.
The concept of the inflation for a-attractor models was also
introduced in Refs. [6-9]. Global conformal symmetry can
be gauged by a local conformal symmetry or Weyl
symmetry. As a result, the Planck mass can be generated
dynamically from the vacuum expectation value of the
dilaton field or one of the scalar fields of a nonlinear sigma
model type [10]. Furthermore, multifield models with Weyl
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symmetry including the SM Higgs were considered for
inflation [11-13].

The SM is based on the gauge principle explaining the
forces in nature after the gauge symmetries are broken
spontaneously, and there is an approximate custodial sym-
metry for SM Higgs fields, which is broken only by the
U(1), gauge coupling and Yukawa couplings. A similar
gauge principle is applied to the theory of gravitation such
that the conformal symmetry is gauged and it is broken
spontaneously. As a result, Einstein gravity is reproduced,
up to a massive Weyl gauge field, which couples to gravity
minimally. The goal of this article is to make the Weyl gauge
symmetry manifest in the extension with extra scalar
multiplets beyond the dilaton and the metric tensor, so it
is suitable for a unified description of the gravity-Higgs
system based on both the gauge symmetry principle and the
extended custodial symmetry for the dilaton and the extra
multiple fields. The scalar sector contains an extended
custodial symmetry for the SM Higgs or the Peccei-
Quinn (PQ) fields, which is the inflaton candidate with an
appropriate form of the scalar potential in the context of the
pole inflation. The full content of the SM or its nongravita-
tional extensions can be easily accommodated in this setup.

In this Letter, we propose the multifield models for
inflation respecting both the Weyl symmetry and the broken
noncompact isometry in the field space such as SO(1, N),
which is the extension of the isometry or custodial symmetry
of nondilaton scalar fields. After the Weyl symmetry is
broken spontaneously due to the vacuum expectation value
(VEV) of the dilaton, the SO(1,N) symmetry is sponta-
neously broken to SO(N), and the Planck scale is generated.
In this scenario, we pursue a concrete realization of the pole
inflation in Weyl gravity, which is applicable to the cases with

Published by the American Physical Society


https://orcid.org/0000-0001-8009-0349
https://ror.org/01r024a98
https://crossmark.crossref.org/dialog/?doi=10.1103/skhx-yc43&domain=pdf&date_stamp=2025-05-28
https://doi.org/10.1103/skhx-yc43
https://doi.org/10.1103/skhx-yc43
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 134, 211001 (2025)

the SM Higgs fields [14] and the PQ singlet scalar
field [15,16] transforming under electroweak symmetry or
a global U(1) PQ symmetry, respectively. For inflation, we
introduce an explicit breaking for the SO(1, N) symmetry
only in the effective quartic coupling, but the SO(N)
symmetry remains unbroken in the Lagrangian. We discuss
the roles of the Weyl covariant derivatives for scalar fields for
the mass of the Weyl gauge field and the solutions for pole
inflation [17].

The setup—We consider the dilaton y, an N-dimensional
scalar multiplet, ® = (1/v/2)(¢y. 5. ..., ¢y)", composed
of N real scalar fields, and the Weyl gauge field w, in Weyl
gravity. It can accommodate the SM Higgs doublet for
N = 4 or the PQ singlet scalar field for N = 2. Then, the
Jordan frame Lagrangian for bosons respecting the Weyl
invariance and the SO(1,N) isometry, in {y,¢;} with

i=1,2,...,N, is given by
L, 1 1 1
= (1 (2 _ 2 R——(0 2 (o0 )2
= (1)~ 5 0 = $DR =5 (0,0 45 (0,)
1 1
+§a(D/¢){)2_§a(D/4¢i) 4W/H/WM v, (1)
with
Virdi) = — f@7 /)0 = d7)* (2)
(x >
Here, we note that the Weyl gauge transformations are
G = € Vg, x— ey,
1
¢; — eV, W, = W, — g—aﬂa(x), (3)

with a(x) being an arbitrary real transformation parameter.
Then, the covariant derivatives for the dilaton and the Higgs
fields are given by

Du¢i = (ay - gwwy)qsi’ (4)

with g,, being the Weyl gauge coupling, and the field strength
tensor for the Weyl gauge field is w,, = d,w, — d,w,. We
normalized the scalar kinetic terms in Eq. (1), up to a constant
parameter a. We did not include the SM gauge interactions
for the Higgs fields explicitly, but they can be also introduced
easily. f(¢?/x?) is an arbitrary function of ¢? /5%, respecting
the Weyl gauge symmetry, but it breaks the SO(1,N)
isometry down to SO(N) explicitly. If f(¢? /) is a constant
parameter, the full SO(1, N) is respected, but it leads to a
constant vacuum energy after a gauge fixing, as will be
shown later. Thus, in order to consider the inflationary
cosmology with a slow-roll inflaton, f(¢?/x*) must not
be constant.

Due to the Weyl symmetry in the Jordan frame
Lagrangin in Eq. (1), the form of the Lagrangian is the
same in any other frames related by the Weyl trans-
formations unless a gauge for the Weyl symmetry is fixed.

Dy = (0, = W)X

Thus, we first fix the gauge for the Weyl symmetry with
x = (x) = /6/(1 + a) in the Jordan frame, so we break
the Weyl symmetry and the SO(1, N) symmetry sponta-
neously. Then, the Lagrangian in Eq. (1) becomes

\/%;%(1-%( +a)¢2>R+ (0,:)?

| |
+5agu W' B} — S aguiw,w

1 1
=W St = V(). ), (5)
with
6ag
2 w 6
— ag ) = 7 (6

1 2
V(). ) = f(¢?/<x2>)<1 —saraR). 0

In the presence of electroweak symmetry breaking, there is
an additional contribution to the Weyl gauge field by ag?v?
but it is negligible as compared to the one from the
dilaton VEV.

For a = 0, we get the same form of the Higgs part of the
Lagrangian as in the Higgs pole inflation where the Higgs is
conformally coupled to gravity and both the effective Planck
scale and the Higgs potential depend on the same factor,
(1 —£¢7) [14]. But, in this case, the Weyl gauge field would
be massless while being decoupled from the Higgs fields.
However, for a # 0, the Weyl gauge field becomes massive,
and we can generalize the Higgs pole inflation, as will be
discussed later. As compared to the case with conformal
symmetry in Ref. [5], our results rely on the spontaneously
broken Weyl gauge symmetry. Thus, there are extra inter-
action terms between the Weyl gauge field and the Higgs
fields. The same results hold for the PQ pole inflation.

Gauge-fixed Lagrangian in Einstein frame—Using
Eq. (5) and the redefined Weyl gauge field, we can rewrite
the Lagrangian in the Jordan frame, as follows:

bt L (1-g 4ot )R+ S 007
! (0,077
—4—8a(1+a)' Tt af

PR ) (1 Ly a>¢%)2

where

Here, we used Eq. (6) for m2.
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Now making a rescaling of the metric by g,,; =
G,/ 82, With Q—l——(l—i-a) , we obtain the Einstein
frame Lagrangian from Eq. (8) as

‘CE _ 1 3 2 (M¢)
N —ER—l—@(d Q)
1 ( ,4¢2)
~ gl + @) S (2 )
1w w4 1mzw wh. (10)

4" 2 K

Thus, the redefined Weyl gauge field w, is decoupled from
the Higgs fields, and it couples to gravity minimally. We note
that the Weyl gauge field has an arbitrary mass depending the
Weyl gauge coupling g,, and a, and there is a Z, symmetry for
W, in the Lagrangian. So, the Weyl gauge field could be a
good candidate for dark matter, which is gravitationally
produced during inflation or reheating.

From 0,Q = — (1 + a)d,¢7, we can recast the Einstein
frame Lagrangian without the Weyl gauge field in a simpler
form,

‘CE 1 1 (aﬂ¢i)2
— —R+-
—9E 2 2(1—%(1+a)¢%)2
L0 627 — d2(0.0-)?
TN L L i 1)
12 (1-t0+a)¢)
= Vi), (11)

with Vg(¢;) = f(¢7/(x*)). Therefore, the Higgs kinetic
terms in the above Lagrangian are of the same form as in
the Higgs pole inflation [14], except with an arbitrary
parameter a.

For the pole inflation, we take the coefficient of the
Jordan frame potential as

[\

(@) L @ i) :

1
= Vo 3mt)- B 3a0te) (12)
Here, V, corresponds to the vacuum energy, which respects
the SO(1,N) symmetry, but mg), Ay terms break the

SO(1,N) symmetry into SO(N). Then, under the gauge
condition, y = (y) = \/6/(1 + a), it leads to the standard
form of the Higgs-like potential in Eq. (11) as

1 1

Vi($i) = 3midt + 3 4(47)%. (13)

Pole inflation models in Weyl gravity—From the general
Einstein frame Lagrangian obtained in the previous section,
we discuss the generalization of the pole inflation scenarios
with the SM Higgs doublet or the PQ singlet scalar field in
Weyl gravity.

Generalized Higgs pole inflation: We realize pole
inflation with the SM Higgs inflation [14] as an example

for N = 4. In unitary gauge, the Higgs fields composing an
SU(2), doublet take ¢p; = hand ¢ = 3 = ¢p, = 0, so the
second kinetic term in Eq. (11) vanishes. Then, the Einstein
frame Lagrangian in Eq. (11) becomes

2
Le _ _1p,l (%) S = Ve(h), (14)
=95 2 2 (1 —L(1 +a)h2)
with Vp(h) = Smyh® + Ay h* after mj, 2, in Eq. (13) is
replaced by the Higgs parameters, m?%, 1y, respectively.
This takes precisely the same form as in the Higgs pole
inflation [14], again except the parameter a. For m% < 0
and Ay > 0, the VEV of the Higgs is determined by

(h) = v=\/—m% /2.

As a result, making the Higgs kinetic term canonical for

h = (y) tanh (%) (15)

we obtain the inflaton Lagrangian in Eq. (14) as
L
vV~ YE

where the inflaton potential with the Higgs quartic coupling
only becomes

= —%R +%(aﬂ1;/)2 = Ve(w), (16)

Vi(y) = 92, tanh? <%) (17)

Then, the Higgs pole inflation corresponds to a =0 or
(y) = V6. As compared to T a-attractor models with the
potential V ~ tanh?*(y/v/6a) [6], we can identify the
model parameters by 1 + a = (1/a) and n = 2. Thus, for
a =0, 1], the T a-attractor models vary by a = [1,4].

We note that the interaction Lagrangian of the Higgs
boson to the electroweak bosons in unitary gauge in the
Einstein frame contains

Ly guse = F(0) (28 W, W + (4B, = gW)*).  (18)

with

e — L orsinn (2
ST =T T )i g sin (m) (19)

where we used Eq. (15) in the second line. Then, during
inflation with w > (y), the effective masses for the
electroweak gauge bosons are given by M3, > 492M%)
and M% > 1(&* + g*)M3, so they are safely decoupled
from the inflaton. On the other hand, after inflation,
w < (y), for which (y)*tanh®(y/(y)) ~ >, so we can
recover the standard interactions of the Higgs boson to the
electroweak gauge bosons, so reheating can proceed.

From the slow-roll parameters with Eq. (16), we get the
spectral index and the tensor-to-scalar ratio at horizon exit
in terms of the number of e-foldings, as follows:

F(h) =
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_ 648N + (%))

"= s () 20
512043
r = SeoNT — () s (21)

As aresult, from Eq. (20), we obtain the spectral index as
ny = 0.9662-0.9666 for N =60 and a = [0,1], which
agrees with the observed spectral index from Planck,
ny, = 0.967 £ 0.0037 [18]. Moreover, we also predict the
tensor-to-scalar ratio as r = 0.000 83 — 0.0033 for N = 60
and a = [0, 1], which is compatible with the bound from the
combined Planck and Keck data [19], r < 0.036. We also
find that the CMB normalization, A, = (1/247%)(V,/e,) =
2.1 x 107, sets the inflation energy scale by

Ay = (3.4 x107)r. (22)

Thus, for a given r, we need the Higgs quartic coupling
during inflation tobe 1 = 2.8 x 10712-1.1 x 107!, Such a
tiny quartic coupling for the SM Higgs could be achieved
when the corresponding beta function is sufficiently small in
the presence of the couplings of singlet scalar fields to the SM
Higgs [14].

In Fig. 1, we depict the inflationary predictions of the
pole inflation in Weyl gravity in the spectral index n; vs the
tensor-to-scalar ration . We show the results for a = 0 and
a = 1 in blue and red lines, respectively, while the number
of e-foldings is bounded between N = 50 and 60 at the
pairs of blue or red bullets. We overlay the bounds from

0.007

0.006

0.005F

r 0.004

0.003F

0.002F

0.001

0.955 0.960 0.965 0.970 0.975 0.980
ns

FIG. 1. Spectral index n, vs tensor-to-scalar ratio r for the pole
inflation in Weyl gravity. Blue and red solid lines are the cases
with a = 0, 1, respectively, and the blue or red bullets indicate the
boundaries where the number of e-foldings is given by N = 50,
60. The Planck bounds on the spectral index within 1o and 20
errors are shown in the yellow and green regions, respectively.

Planck on the spectral index within 1o and 26 errors in the
yellow and green regions, respectively.

Generalized PQ pole inflation—We now realize the pole
inflation with the PQ singlet scalar field [15,16] as an
example with a complex scalar field, that is, N = 2. In this

case, a PQ complex scalar field, ® = (1/ \/i) (p1 + i),
transforms under the global U(1) PQ symmetry. Taking the

PQ field in the polar representation, ® = (1//2)pe’, the
Einstein frame Lagrangian in Eq. (11) becomes

‘CE __l l (ay/))z
_gE_ 2R+2<1_%(1+61)[)2)2
2 2
—l—%(l—i—a)- p(9,0) - Velp), (23)

<1 -i(1+ a)p2>

where Vg (p) = m3p* +  App* after mi,ﬂqﬁ in Eq. (13) is
replaced by the PQ parameters, m3, A, respectively. This
takes precisely the same form as in the PQ pole
inflation [15,16], again except for the parameter a. For
m3 < 0and 1g > 0, the VEV of the PQ field is determined
by (@) = f, = /-3 /e,

Making the kinetic term for the radial mode canonically
normalized by

p = () tanh <§>> (24)
we obtain Eq. (23) as
Lp 1 1
\/__gE = _ER + 5 (0,,1//)2
+ 3sinh? <%> (0,0 = Velw).  (25)

where the inflaton potential with the PQ quartic coupling
only is given by

Vy(y) = 9ptanh? (%) (26)

Therefore, the same inflationary predictions as in the Higgs
pole inflation are maintained, as far as the Higgs quartic
coupling in Eq. (22) is replaced by the PQ quartic coupling.
In this case, a similarly tiny quartic coupling for the PQ
field can be stable under the renormalization group running
for small Yukawa couplings and mixing quartic couplings
of the PQ field [15,16].

On the other hand, if the PQ symmetry is not broken
explicitly, the angular mode or the axion would be massless
before the QCD phase transition, so there exists a nonzero
isocurvature perturbation from the angular mode. The
Planck satellite [18] sets a bound on the isocurvature
perturbations by
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— Piso(k*>
Piso = Pg(k*) + Piso(k*)

<0.038, (27)

at95% C.L., with P (k,) = 2.1 x 10~ atk, = 0.05 Mpc~!,
leading to

Q,\* H?
a <83 x 1071, 28
(QDM> 0L f 3,eff ) 28)

The effective decay constant of the axion is large at the
horizon exit, namely, f, . =~ 22Mp for |a| < 1 [16]. Thus,
for Q,=Qpy and 0, =, we find that H; <1.1x10'° GeV.
Therefore, the current bound from the isocurvature perturba-
tion is consistent with our predicted value, H; =
(2.48 x 10" GeV)+/r, with r<0.0033 for |a| <1 in
our model.

Gravitational production of Weyl photon dark matter—
In the postinflationary period of the pole inflation, the
coherent oscillation of the inflaton starts, reheating the
universe. Assuming that a quartic term in the Einstein frame
potential in Eq. (13) is dominant as in Higgs or PQ pole
inflation models, the potential for the canonical inflaton
becomes V() ~ A,y*, for which the equation of state for
the inflaton during reheating becomes radiationlike [20],
ie., w, =3 Then, in the presence of the decay and
scattering of the inflaton, the postinflationary dynamics
in the perturbative regime is governed by the Boltzmann
equations [14],

py +3(1+wy)Hp, = —(1+w,)T,p,. (29)
pR + 4HpR = (1 + wv/)ry/pu/’ (30)

with H? = (1/3M3%)(p,, + pr)- Here, p,,, pg are the energy
densities for the inflaton and the SM radiation bath, and F,,,
contains the decay and scattering rates for the inflaton.
Then, the evolution of the inflaton energy density is
approximately given by p,, 2 p,, ena(a/deng) ), and
the SM radiation energy density is also approximated to

SMPFV/\/pV/,end ( a >_%(1+WW>
\/5(5 - 3W1I/) Aend

() e

Thus, the reheating temperature TRy is determined by
Py = PR = (”ZQRH/30)T§H-

On the other hand, the Weyl photon can be produced
from the gravitational scattering of the inflaton as well as
the gravitational scattering of the radiation during or after
reheating. Thus, solving the Boltzmann equations for the
number density of the Weyl photon during and after
reheating [23], we obtain the relic abundance of the
Weyl photon as

prla) =

Q h? =1.6x10%m, <g*,0> <Yw,inﬂat0n

9rRH
+ Yw,thermal + Ymreheating) ’ (32)
with
3/4,3/4
y 50 33)
jnflaton =43 s
w,intlaton M';’)
56 4697
Y., thermal = M (34)
WM 12870/ T0gruM >
v { Y\, thermals PQ inflation, (35)
sreheating == . . .
WIREE T BB9Y  thermats Higgs inflation.

Here, g, = 3.91 and gry = 106.75 are taken, and 4 is
the inflation field value at the end of inflation, set to
Wena = 1.5Mp, and 4, = 107" at reheating from CMB
normalization. In the case of the Higgs pole inflation, we
kept only the SM fermions and gauge bosons for thermal
scattering during reheating (Y, repeaing) s the Higgs fields
have large field-dependent masses. We also note that the
contribution from the inflaton scattering is independent of
the reheating temperature [24], unlike the case with a
matterlike inflaton during reheating [25,26].

PQ or Higgs pole inflation

1018,
1017,

106+ Instantaneous reheating

Q,h?=0.12

102
Thermal scattering

o,
1010102 10° 10% 10* 10° 108 10" 10'? 10" 10'®
m,,(GeV)

FIG. 2. Reheating temperature Try vs Weyl photon mass m,, in
the pole inflation with a quartic potential. The orange dashed line
corresponds to the contour satisfying the correct relic density with
thermal scattering only, while the black line is the case after both
inflaton scattering and thermal scattering are included. A small
discrepancy between the cases for PQ and Higgs pole inflation
models is not shown.
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In Fig. 2, the black lines show the contours for the correct
relic density for the Weyl photon dark matter in Try vs m,,
for the PQ or Higgs pole inflations. The orange dashed lines
correspond to the correct relic density when only the
thermal scattering processes during and after reheating
are taken into account. The temperature for instantaneous
reheating becomes maximal, as shown in the red lines. We
find that the contribution from the inflaton scattering is
independent of the reheating temperature and dominant as
compared to the thermal scattering [27]. The observed dark
matter abundance is accounted for by the Weyl photon of
about 10 MeV mass. A small difference between the relic
abundances in the PQ and Higgs pole inflations is not
visible in Fig. 2.

Conclusions—We presented the microscopic origin of
pole inflation with scalar fields in the N-dimensional
multiplet in Weyl gravity. We showed that the broken
SO(1,N) isometry in the field space in combination with
Weyl symmetry restricts the form of the Lagrangian in the
Jordan frame such that the vacuum energy is dominant
during inflation near the pole of the kinetic term for the
inflaton in the Einstein frame. An explicit breaking of the
SO(1,N) symmetry to SO(N) is necessary for a slow-roll
inflation near the pole.

From the Higgs or PQ inflation models with Weyl
symmetry, we found that one parameter family of the pole
inflation exists, depending on the overall coefficient a of
the Weyl covariant derivatives for scalar fields. The same
coefficient not only makes the inflationary predictions for
the spectral index and the tensor-to-scalar ratio varying,
being compatible with the Planck data, but also determines
the mass of the Weyl gauge field. As compared to the 7" a-
attractor models [5], our results show an interesting
consequence that the tensor-to-scalar ratio decreases as
the Weyl photon mass, m2 = [6a ¢2,/(1 + a)], increases,
for a = [0, 1].

A successful inflation with Higgs or PQ fields is possible
while the isocurvature perturbations of the axion can be
suppressed sufficiently in the latter case, due to a large
effective axion decay constant during inflation. We also
showed that the massive Weyl photon can be a dark matter
candidate of about 10 MeV mass, which is produced
dominantly from the inflaton scattering during reheating.
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