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Motivation

@ In standard slow-roll inflation,

Primordial gravitational waves are a unique probe of the inflationary era.

r ~ 16k,

linking the gravitational-wave amplitude directly to the slow-roll dynamics.

Supersymmetric hybrid inflation predicts € < 1, implying an unobservably small vacuum tensor signal.

@ This work explores whether observable tensor modes can be generated without modifying the successful
hybrid inflationary dynamics.

Our Proposal

A spectator axion coupled to the existing U(1)g—. gauge field can actively source gravitational waves, breaking
the usual relation r = 16e.
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B — L Hybrid Inflation

@ We address this question within the framework of supersymmetric (B-L) hybrid inflation.

@ Superpotential:
Wine = kS (¢<T> — vé_L) .
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@ The tree-level potential is flat and the inflaton slow roll is generated by Coleman—Weinberg radiative
corrections.
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Tensor Perturbations During Inflation

@ Gravitational waves correspond to tensor fluctuations of the metric:

ds® = —dt* + a°(t) (6 + hi) dx'dx.

@ The tensor perturbation satisfies
8,‘/7;1 =0, hii = 0,

leaving only two physical polarizations:
hy, hy.

@ Its evolution is governed by
by 3Hby — Yoy — 2T
uy u 22 y = Mél U/

where I'I:-fT is the transverse—traceless anisotropic stress.
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Tensor Modes in Fourier Space

@ hy, hy can be decomposed into Fourier modes as

hi(r.x) = 3 /(2 N e ha(r.k) ™.

A=+,X

@ For a statistically isotropic Universe, the spectrum depends only on the magnitude of the momentum,
k= |k,
and is characterized by the tensor power spectrum
PT(k) - 2 |hk‘ ’

where the factor of 2 accounts for the two tensor polarizations.

S. Khalil (Zewail City) Axion-Sourced GW in B — L Inflation August 26, 2026



Vacuum Tensor Spectrum

@ For each tensor polarization, it is convenient to introduce the canonically normalized mode

aM,
vy = 2P1 hA.

@ In a quasi-de Sitter background,

/! 11

2
v,i'—l—(kQ—a?)vk:O, %2;.

@ On superhorizon scales, k < aH or equivalently |k7| < 1, this reduces to |vk| ~ \/Tk%\fl Thus, the tensor

amplitude becomes

2 V2H
lhe| = Ivie| ~ 32
aMpi Mp, k3/

@ We have used a|7|~! = H during inflation.

vac __ 2H2
(A7

with H evaluated at horizon crossing.
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Scalar Curvature Spectrum

@ Quantum fluctuations of the inflaton generate curvature perturbations:

H

¢
@ Using the slow-roll relation @ = 2¢M3,H?, one obtains P; = “HTZZ.
T Plé

@ The vacuum tensor-to-scalar ratio is
erac
Fyac = —— = 16e.
P

@ In SUSY hybrid inflation, the potential is nearly flat, so typically ¢ ~ 1078 — 107%°. Hence

Fvac K 10734

Challenge

Vacuum tensor modes are too small to be observed.
Can we generate an additional source of gravitational waves during inflation?
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Axions and Axion-Like Particles

@ Axions were originally proposed to solve the strong CP problem through the Peccei—-Quinn mechanism.

@ More generally, axion-like particles (ALPs) arise naturally in string compactifications and many extensions
of the Standard Model.

@ They are pseudo-Nambu—Goldstone bosons of a spontaneously broken global symmetry, with an
approximate shift symmetry
¢ — ¢ + const,

which suppresses large mass corrections and naturally keeps the axion light during inflation.

@ Axions generically couple to gauge fields through the Chern—Simons interaction
a ~
LD ——a¢FuF",
D 412(1) »

providing an efficient mechanism for gauge-field amplification.
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Axion—Gauge Mechanism

Our Proposal

Introduce a spectator axion coupled to the existing U(1)g—, gauge field. As the axion rolls during inflation, it
amplifies one gauge-field helicity, providing a new source of primordial gravitational waves.

@ The relevant interaction is 1
« —L Fpv
L£> 5(8%15)2 - U(¢) — af, Ffu "REYL.

@ Main ingredients:

o Inflation is still driven by the hybrid inflaton S.
e The axion ¢ acts as a spectator field.
e The existing U(1)s—. gauge field is exponentially amplified.

o No additional hidden gauge sector is required.
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Gauge-Field Dynamics

@ The Chern—Simons interaction modifies Maxwell's equation into

v (e -uv
VuFgZ, + 7(3u¢)F§,L =0.

@ Working in conformal time and Coulomb gauge,
A%,LZO, V-Ag_ =0,
the spatial equation becomes

/
a;b \% XAB_LZO.

a

AE—L - VZAB—L +

Key Observation

The last term originates entirely from the rolling axion background and violates parity by distinguishing the two
gauge-field helicities.
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Helicity Decomposition

@ Expand the transverse gauge field into circular polarization modes,

/(2 E ex(k)Ax(T, k)e™*,

where
ikXeA:/\kEA, A= =+1.

@ Each helicity then satisfies

Physical Interpretation

The axion shifts the effective frequency with opposite signs for the two helicities. Only one helicity becomes
unstable and is exponentially amplified.
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Tachyonic Gauge-Field Amplification

@ Introduce the instability parameter

@ For quasi-de Sitter inflation,

@ For the amplified helicity,

the effective frequency becomes negative,

leading to

A rolling axion selectively amplifies one gauge-field helicity, producing large helical gauge fields that later source
gravitational waves.
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Gauge Fields as a Source of Tensor Perturbations

@ The amplified U(1)s—; gauge field contributes to the energy—-momentum tensor,

1
Tij = EiEj + BiB; — 50;(E* + B’).

@ lts transverse—traceless part acts as the source of gravitational waves,

n;t=(Ty)".

@ Since

A+ X e7r€7

the gauge-field strengths satisfy
E,'7 B,' XX e”g,

leading to
TT 2
ﬂ,-j X e WE.

Physical Picture
The rolling spectator axion amplifies one gauge-field helicity, whose anisotropic stress becomes an efficient
source of tensor perturbations.
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Exponential Enhancement of Tensor Modes

@ Tensor perturbations obey

2
2 23" 7T
hij + 2Hhj; — Vh; = M—Zn,-j .
Pl
@ Since HET o €?™¢, the sourced tensor amplitude scales as
2
hi¢ e i
which immediately gives
P o ¢
@ Explicit calculations yield
4
,Psrc _ CT i e4"§
T MPl 56 )

with C+ ~107%—10"".
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Observable Tensor Signal

@ The total tensor spectrum is 10-1 Planck excluded
__ pvac src =3.62
Pr=Pr +Pr, LiteBIRD band
T3 e e o e e o e e e e el e e o o o o — — — p—
leading to 10
,_Pr
=5 .
¢ s .
@ For SUSY hybrid inflation, ryac = 16 < 1073,
whereas
A€
src e 107 e Vacuum -+ sourced 4
PT & 55 — — Planck bound r <0.036
——————— LiteBIRD target r=10"2
@ Moderate values — = Vacuum only
10*9 1 1 1 1 1
1 2 3 4 5
§~33-36
3
can produce 3 @ Vacuum signal negligible.
r~10"
’ @ Sourced signal dominates.
within the projected LiteBIRD sensitivity. @ Observable by LiteBIRD.
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From Axion Evolution to Frequency Dependence

@ The instability parameter evolves during inflation,

_ ad(y)
€)= 5rrichy

@ Using dN = H dt, it can be written as
_a do
§(N) = 2 dN°

@ Each Fourier mode leaves the horizon at k = a(Nix)H(Nk), so every mode probes the value of the axion
field at its horizon-exit time:

§(k) = E(N).-

@ Since f = 5% the present-day GW spectrum inherits this dependence, ‘ E(F) = &(Nk(F)) - ‘

2mag?

The frequency dependence of the gravitational-wave spectrum is determined by the evolution of the spectator
axion during inflation.
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Present-Day Gravitational-Wave Spectrum

. . 107* T T T T T T
@ The present-day stochastic GW background is ANow>0.5
10-6 — -
1 dpaw '
Q f)=— -8 | ]
aw(f) pe dinf 10 [_:
o 10710 = -
@ For modes re-entering during radiation domination, = |
GE 10712 /’ """" -
A
Qew(f) < Pr(f), ool NN o |
ISR
with 10710 / e =3.00
— ¢ =3.20
10718 -— =362
Pr=Pr°+P7°, - Blue tilt
and 10 10°* 107% 107 107" 1072 10° 10% 10*
f [Hz
4mE(fF) [ ] .
PEC € ) @ Larger £ enhances the GW amplitude.
g(f)s @ The spectral shape reflects the evolution of the
spectator axion.
@ Hence even a modest variation of {(f) produces a large @ Detectable by LISA while satisfying cosmological
change in Qcw(f). constraints.
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Phenomenological Predictions

@ Observable tensor-to-scalar ratio

Pr -3
=—~10
r Pe

@ Stochastic gravitational-wave background

Qaw(f)

potentially observable by LISA.

@ Chiral gravitational waves

Py # P_.

@ Violation of the standard consistency relation

r # 16e.
@ Simultaneous probes by LiteBIRD and LISA.
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Conclusions

@ In minimal SUSY hybrid inflation,
Fyac = 16 < 1,

making the vacuum tensor signal essentially unobservable.

@ We introduced a spectator axion coupled to the existing U(1)g_, gauge field through a Chern—Simons
interaction, without modifying the inflationary dynamics.

@ The rolling axion induces a tachyonic instability of one gauge-field helicity, leading to

4
Ay x €™, P« e*E.

@ The resulting gravitational-wave signal is

o chiral,
o scale dependent,
o independent of the slow-roll parameter ¢,

thereby violating the standard consistency relation r = 16e¢.
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Conclusions

@ For realistic benchmark parameters, the predicted signal may be observable by future experiments such as

LiteBIRD and LISA.

Probe Observable Sensitivity / Bound Our Model Status
LiteBIRD  r (CMB B-modes) r~ 1073 (target) r~107% (¢ = 3.29) v within reach
Planck r (CMB B-modes) r < 0.036 (95% CL) r~1073 v satisfied

LISA M Qow (peak) R Qaw ~ 10712 (sensitivity) R Qaw ~ 2.5 x 10718 (€ =3.6) v’ potentially detectable

Take-home Message

A spectator axion coupled to the existing U(1)s—_. gauge sector provides a minimal and testable mechanism for
generating observable primordial gravitational waves in SUSY hybrid inflation.
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Thank You

Questions?
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