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We propose Axion-Like Scalar Gravity (ALSG), a minimal extension of ACDM

introducing a single axion-like particle (ALP) from the string-theoretic axiverse, ac-

tive at late times. Inspired by quantum oscillatory dynamics, ALSG features an

ALP with mass mg ~ 10~ eV, oscillating at f¢ = 2.4Hz, coupling conformally to

baryonic matter via an effective field theory (EFT) framework with broken scale in-

variance. This screened coupling modulates the Hubble expansion and gravitational

potentials, producing sub-percent oscillatory signatures in galaxy clustering, CMB

residuals, and pulsar timing residuals. With three parameters and full compatibil-

ity with General Relativity (GR), ALSG addresses Hubble (Hy) and Sg tensions

while preserving early-universe consistency. Predictions are testable with Euclid, Si-

mons Observatory, and NANOGrav, offering a falsifiable model grounded in particle

physics and cosmology, with multi-probe consistency to resolve degeneracies.

I. INTRODUCTION

The ACDM model excels in describing
early-universe phenomena but struggles with
late-time observations, notably the Hubble
tension (Hy = 73.2+1.3km/s/Mpc vs. 67.4+
0.5) [1] and the Ss tension in structure forma-
tion [3]. Alternatives like Early Dark Energy
(EDE) [7] often require multiple parameters

and early-universe modifications.

We introduce Axion-Like Scalar Grav-
ity (ALSG), a minimal framework extend-
ing ACDM with a single axion-like particle
(ALP) from the string-theoretic axiverse [9].

Motivated by quantum oscillatory dynamics,
the ALP oscillates at late times, coupling
to baryonic matter through a screened con-
formal interaction derived from EFT. ALSG
preserves GR and early-universe physics, of-
fering a falsifiable solution to cosmological

tensions.

This paper outlines the ALP’s dynamics
(Section [MI)), predicted observables (Section
[11)), model comparisons (Section , valida-
tion strategies (Section [V]), and limitations

(Section [VI). Section summarizes falsifi-
ability and outlook.



II. THEORETICAL FRAMEWORK

A. Scalar Dynamics

The ALSG field ¢, an axion-like particle
(ALP) from the string-theoretic axiverse [9],
is not QCD-related and lacks significant pho-
ton or gluon couplings, distinguishing it from
QCD axions. Its mass mg ~ 107eV is a
natural scale for late-time cosmological ef-
fects, corresponding to a symmetry-breaking
energy A ~ 4.9 x 107°eV, consistent with
ALP constraints on structure formation [5].
The axiverse predicts a spectrum of ALPs
with masses spanning 10733 eV to 10 eV, aris-
ing from compactification of extra dimensions
in string theory [9]. For late-time effects, we
require an ALP mass such that its oscillation
frequency aligns with observable cosmologi-
cal timescales. The chosen mass yields:

10—14

m¢ -
T 4135 x 1015

f(b:T ~ 2.4 Hz,
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which, when redshifted (fops = 1]%), pro-
duces frequencies (0.4-2.4Hz) detectable in
pulsar timing arrays (PTAs) and large-scale
structure surveys.

The ALP’s mass is set by the potential:

o=wfe(?)]

with decay constant f ~ 1072Mp; ~ 2.4 X

(2)

10'® GeV, typical for axiverse ALPs coupled
to standard model fields [9]. The symmetry-

breaking scale A is derived as:

A = \/77’L¢f,

A2
m¢ =

7 (3)

A= V101 x 2.4 x 1016 & 4.9 x 107" eV,

(4)
This A is consistent with late-time cosmo-
logical scales, though smaller than the dark
energy scale (¢/pa ~ 2.4 x 107%eV). The
mass can also be motivated by the Hubble
scale at late times (z ~ 5), where H(z ~
5) &~ 6 x 107*eV. Hypothesizing m, ~
1.7 x 10" - H(z ~ 5):

mg ~ 1.7x10" x6x 1072 =~ 107" eV. (5)

This factor of 1.7 x 10'* may reflect couplings
between the ALP and dark sector fields, pro-
viding a cosmological grounding for the mass.
While ultra-light axions (m ~ 10722eV) are
often considered for dark matter, their fre-
quencies (~ 1077 Hz) are too low for the
Hz-scale signatures targeted by ALSG. The
chosen mass balances late-time effects with
observability, though UV sensitivity remains

(see Section [VI)).

The Lagrangian is:

L= L0rg0,6 - V(o) + S

2 M * (6)

where TH ~ p, is the trace of the baryonic
energy-momentum tensor, and M ~ Mp, =~
2.4 x 10 GeV is a high-energy scale from

string compactification. At late times (z <

~J



5), the field oscillates as:

o(t) = Acos(2r fut),
(7)

B. Screening Mechanism and Dark

Matter Coupling

In high-density regions (p, > A*M/f =
1.3 x 1079 g/cm®), the effective potential
Ver = V(¢) — % traps ¢ ~ 0, suppress-
ing fifth forces. In low-density environments
(e.g., IGM, p, ~ 1072 g/cm®), the effective
coupling is:
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enabling cosmological modulation:

SH &

—_—~ —

7 ~ 107" cos(27 f,t).

(9)

Dark matter (DM) couplings, e.g.,
%TSMTMW are suppressed by M? ~ M3,
yielding &py ~ 1075, negligible compared to
baryonic effects. This ensures consistency
with DM clustering constraints from DES
and other surveys, as the ALP primarily af-
fects baryonic matter through the conformal

coupling.

C. EFT Coupling Justification

The conformal coupling %T[j arises from
breaking scale invariance in the dark sec-

tor, where ¢ is a pseudo-Nambu-Goldstone

boson of a global U(1) symmetry sponta-

neously broken at the scale f. In string the-

A~107°F &~ 2.4x10M" GeV.

ory, such ALPs emerge from the compactifi-
cation of extra dimensions, with couplings to
standard model fields generated via mixing
with moduli fields [9]. The trace T} ~ p; (for
non-relativistic matter) is the leading gauge-
invariant interaction in the low-energy EFT,
reflecting the ALP’s role as a dilaton-like field
coupled to the trace of the energy-momentum

tensor.

The coupling scale M ~ Mp reflects the
high-energy origin of the ALP, likely tied to
the string scale or moduli stabilization in
string compactification. At tree level, the

coupling induces an effective interaction:
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well below beam-dump search constraints
(gon < 1071°GeV™!) [I0] and collider
bounds from experiments like DUNE, en-
suring consistency with particle physics lim-
its. The ALP’s negligible photon coupling
(94 < 10712 GeV™") further avoids conflicts
with searches like ADMX or CAST, which
target QCD axions or ALPs with significant
photon interactions [I0]. Dark matter cou-
plings are suppressed (épy ~ 1079), as dis-
cussed in Section 2.2, ensuring no conflict

with clustering data. This minimal coupling

structure preserves GR at all scales, with de-



viations only manifesting as sub-percent os-

cillatory effects in cosmological observables.

III. OBSERVATIONAL SIGNATURES

The ALP’s oscillations modulate the Hub-
ble rate and gravitational potentials, pro-
ducing sub-percent signatures. Despite the
high frequency (f, ~ 2.4Hz), integrated
effects over cosmological timescales imprint
detectable modulations on large-scale struc-
ture via redshift scaling, preserving coher-
ence, analogous to ALP dark matter oscil-
lations [5]. The coherence length (I. ~ 5
1.25 x 10 m) is small compared to cosmolog-
ical scales, but cumulative effects over time
(e.g., over ~ 10°years) produce observable

signatures in galaxy clustering, CMB residu-

als, and pulsar timing residuals.

A. Galaxy Clustering Modulation

The ALP’s coupling induces a ~0.1% os-
cillatory variation in the galaxy power spec-
trum P(k) at linear scales (K ~ 0.01-
0.1 2/Mpc). The modulation arises from the
time-varying Hubble rate:

OH
"~ 1077 cos(27 f4t),

(11)

which perturbs the growth of density pertur-

bations:
SP(K) SH . fo
0 Vi 10™" cos <27T1 n zt . (12)

At z ~ 5, the observed frequency is:
2.4

Jo ~
1+2 1+5

Jobs = ~ 0.4 Hz

(13)

translating to a spatial periodicity via the

Hubble flow:
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where H(z ~ 5) ~ 1.5 x 10°km/s/Mpc,
giving a periodicity on scales of ~Mpc,
detectable in large-scale structure surveys.
Non-linear effects at smaller scales (kK >
0.1 h/Mpc) may amplify this to ~0.2% in
halo mass functions, as the ALP’s modula-
tion affects the collapse of overdense regions.
This requires N-body simulations to model
accurately, accounting for baryonic feedback
and non-linear growth.

Analysis methods include Fourier trans-
forms of the galaxy power spectrum to iden-
tify oscillatory modes at f,s, supplemented
by cross-correlation with baryon acoustic os-
cillation (BAO) features to enhance signal de-
tection. Potential systematics include shot
noise (mitigated by large galaxy samples
in Euclid and LSST) and baryonic effects
(addressed via hydrodynamical simulations).
The negligible DM coupling (£épy ~ 107°) en-
sures that DM clustering follows ACDM pre-
dictions, isolating the ALP’s effect on bary-

onic matter.



B. CMB Residual Modulation

Late-time oscillations shift gravitational
potentials via the Integrated Sachs-Wolfe
(ISW) effect:

oT . Afy .
? ~ /(I)dt ~ W Sln(27Tf¢t), (16)

producing low-¢ CMB residuals with ampli-
tude:
2 2
s (T e (B 0 am
For A ~ 2.4 x 10" GeV, fy ~ 24Hz, M ~
2.4 x 10" GeV, and typical C; ~ 10710 K? at
¢~ 30:

Af, 24 x 10" x 24
M 2.4 x 1018

§C; ~ (24x1077)?x 107" ~ 5.8 x 107 K>
(19)

~2.4x 1077, (18)

The oscillation frequency in the CMB frame,
integrated over the photon’s travel time, ap-
pears as a sideband due to the late-time na-
ture of the ISW effect, with fo,s ~ 0.4-2.4 Hz,
depending on the redshift of the potential
shift (z ~ 0-5).

Analysis involves filtering CMB maps for
low-¢ residuals using wavelet transforms to
detect oscillatory patterns, cross-correlated
with galaxy surveys to isolate the ISW con-
tribution. Systematics include foreground
contamination (mitigated by multi-frequency
CMB data) and cosmic variance (addressed

by combining Simons Observatory and CMB-
S4 data).

C. Pulsar Timing Residuals

The ALP’s coupling induces timing resid-

uals in pulsar signals:

o A
ot ~ v~ cos(2m fyt), (20)

5t ~ 107" cos(2mfyt)s ~ 107, (21)
detectable at fyns ~ 0.4-2.4 Hz. For a pulsar

at 2 ~ 0.5, fops ~ 12+4 ~ 1.6 Hz. The sig-

0.5
nal accumulates over the observation period,
producing a periodic residual in the pulsar’s
pulse arrival times.

Analysis methods include matched filter-
ing of pulsar timing data to detect high-
frequency residuals, using multiple pulsars
(e.g., NANOGrav’s 45-pulsar array) to mit-
igate intrinsic spin noise. Multi-frequency
observations (e.g., radio and X-ray) correct
for dispersion measure variations due to the
interstellar medium.  Systematics include
stochastic gravitational wave backgrounds
(typically at nHz frequencies, distinguishable
from Hz signals) and pulsar glitches (miti-
gated by long-term monitoring and statisti-
cal averaging). The ALP’s negligible photon
coupling ensures no confusion with photon-

ALP mixing signals probed by ADMX or
CAST.

IV. MODEL COMPARISON

ALSG’s axiverse origin, fixed fy ~ 2.4 Hz,

and baryonic coupling distinguish it from



TABLE I. Comparison of ALSG with other cos-

mological models.

[21.

16&. Euclid & LSST: Galaxy Clustering

Euclid’s weak lensing and LSST’s redshift
surveys can detect a 0.1% oscillatory varia-

4-6
tion in P(k) at k ~ 0.01-0.1h/Mpc, with

Model Scalars Early Mod? GR Comp. Params
ACDM 0 No Yes

EDE 1 Yes Yes 8-10
Inter. DE >1 No Yes 10+
Chameleon 1 No Yes

ALSG 1 No Yes

TABLE II. Key signals of models (continued).

Model Key Signal

ACDM None

EDE CMB peak shift

Inter. DE Expansion rate distortion
Chameleon Screened fifth forces

ALSG Clustering, CMB, PTA oscillations

chameleon models (environment-dependent
screening) and quintessence (smooth expan-
sion). Its minimal parameters and particle-
physics grounding offer a conservative alter-

native.

V. EXPERIMENTAL TESTS

ALSG’s predictions are testable with up-
coming data, summarized in Table [[II A
joint likelihood analysis combining Euclid,
Simons Observatory, and NANOGrav data
will quantify evidence (Bayes factor InB >

5), following Planck’s multi-probe approach

N%.Q% amplification at non-linear scales (k ~
1 h/Mpc). Fourier analysis and BAO cross-
correlation target fops ~ 0.4-2.4Hz. Negli-
gible DM coupling ensures consistency with

DES clustering.

B. Simons Observatory & CMB-S4:
CMB Residuals

Low-{ residuals (6C; ~ 5.8 x 10~ K?) are
probed by Simons Observatory and CMB-54,
targeting f, ~ 2.4 Hz.

C. NANOGrav & SKA: Pulsar Timing

NANOGrav’s 15-year dataset and SKA
can detect ot ~ 107'°s residuals at 0.4-2.4
Hz (SNR > 5), using multiple pulsars to
mitigate spin noise and multi-frequency ob-
servations for dispersion. The ALP’s negli-

gible photon coupling avoids confusion with

ADMX signals [10].



D. MICROSCOPE & Particle Physics

Constraints

MICROSCOPE constrains &g ~ 1077,
Beam-dump searches limit ALP-matter cou-
plings (gon ~ = < 10719GeV™!), consis-
tent with ALSG [10].

DUNE) will refine &.

Future searches (e.g.,

E. Null Hypotheses

e Galaxy Clustering: No periodic vari-
ation in P(k); ACDM power-law be-

havior.

e CMB Residuals:
residuals at low-¢; ACDM predictions.

No oscillatory

e Pulsar Timing: No high-frequency
residuals; stochastic GW background
(nHz).

Statistical tests (chi-squared, Bayesian odds
ratio, p < 0.01) compare ALSG to null mod-

els.

TABLE III. Summary of Experimental Tests.

Test Signal Dataset

Galaxy Clustering 0.1% in P(k) Euclid, LSST

TABLE IV. Experimental Tests (continued).

Test Null Timeline

Hypothesis

Galaxy Clustering No periodic 2026-2027

signal
CMB Residuals

Smooth 2026-2028

residuals
No high-freq

Pulsar Timing 2025-2030

signal

VI. LIMITATIONS

e Full MCMC Fits Pending: Quanti-
fying ALSG’s resolution of Hy and Sg
tensions requires full MCMC fits using
CLASS, incorporating Planck, SHOES,
DES, Euclid, and LSST data. Pre-
liminary fits suggest Hy ~ 72.5 +
1.5km/s/Mpe, Sg ~ 0.82 + 0.03, but
a comprehensive analysis with robust
priors on my, f, and M is needed to
confirm statistical significance. This

is underway and will be reported in a

follow-up study.

e ALP Mass Sensitivity: The ALP

ass (mg ~ 107 eV) depends on UV
sNR ",
T.
5Small variations in A (e.g., £10%) lead

18arameters A and f, where my =

CMB Residuals  6Cy ~ Simons Obs.
5.8 x 1014 K2 to:
Pulsar Timing 0t~ 10" s NANOGrav, SKA ~5 A~ (4.940.49) x 107°, (22)
mg ~ (9-11) x 107 eV, (23)



shifting f, ~ 2.2-2.7Hz. While consis-
tent with axiverse predictions [9], this
sensitivity requires tighter constraints
on A and f, potentially from fu-
ture particle physics experiments (e.g.,
DUNE) or cosmological fits combin-
ing Fuclid and NANOGrav data to pin
down fy.

e Computational Challenges: Re-
solving fy ~ 2.4Hz oscillations over
cosmological timescales (~ 107 years)
poses computational challenges, as the
oscillation period (~ 0.42s) is much
shorter than cosmological evolution
timescales. EF'T approximations, aver-
aging the oscillatory effects over many
cycles, can mitigate this:

OH 1
?> ~ f/o 107 cos(2m f4t) di = 0,
(24)

but the variance (~ 107') imprints
on observables. Dedicated numerical
methods, such as multi-scale simula-
tions, are needed to capture both fast
oscillations and slow cosmological evo-
lution, particularly for non-linear struc-

ture formation.

e Degeneracies and Systematics: Os-
cillatory signals in P(k) or C; may
be degenerate with baryonic effects
(e.g., AGN feedback), shot noise, or in-

strumental systematics. For example,

baryonic feedback can mimic a ~0.1%
variation in P(k) at k ~ 0.1h/Mpc,
while cosmic variance limits low-¢ CMB
residuals. Multi-probe consistency mit-
igates this: galaxy clustering (Euclid),
CMB residuals (Simons Observatory),
and pulsar timing (NANOGrav) probe
different redshift ranges and physical
effects, breaking degeneracies. Joint
likelihood analysis, with priors on bary-
onic feedback from hydrodynamical
simulations (e.g., IlustrisTNG), en-
sures robust signal extraction. Sys-
tematics like pulsar spin noise are ad-
dressed by averaging over multiple pul-
sars, and foregrounds in CMB data are

mitigated by multi-frequency cleaning.

Non-Linear Structure Formation:
The predicted 0.2% amplification in
halo mass functions at non-linear scales
(k ~ 1 h/Mpc) requires N-body simula-
tions to characterize. Baryonic physics,
such as gas cooling and star forma-
tion, may further amplify or suppress
the ALP’s oscillatory signature. Future
simulations incorporating the ALP’s
time-varying potential will quantify
these effects, ensuring accurate predic-

tions for LSST and Euclid data.



VII. CONCLUSION

Axion-Like Scalar Gravity offers a

minimal, falsifiable extension to ACDM,
grounded in the string-theoretic axiverse
and EFT. The ALP’s late-time oscillations
(fo =

tures in galaxy clustering, CMB residuals,

2.4Hz) produce sub-percent signa-

and pulsar timing, addressing H, and Ss.
Upcoming data from Euclid, Simons Ob-
servatory, NANOGrav, and SKA, combined
via joint likelihood analysis, will test ALSG

with high statistical power. Its compatibility
with GR, BBN, CMB, and particle physics
constraints, alongside clear null hypotheses,
positions ALSG as a robust, defensible

alternative to complex dark energy models.
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